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Abstract 

Metal chalcogenides are emerging solar energy materials and are blessed with unique 

properties such as high abundance and absorption coefficient (10
4
-10

5
 cm

-1
), tunable 

bandgap, low cost, and high stability, etc. Recently, metal chalcogenide-based p-n 

heterostructures have indeed gained tremendous attention in the field of solar energy 

conversion due to their potential for high efficiency.  The p-n junctions are the 

fundamental and elementary building blocks of many electronic and energy storage 

devices, gas sensing devices, photovoltaics, photocatalysis viz. solar cells, diodes, 

light emitting diodes (LEDs), etc. They are the main active sites, where the efficient 

charge transfer processes take place. They offer fast separation and migration of the 

photoinduced charge carriers due to the presence of the built-in electric field. The 

efficient separation and longer lifetime of photoinduced charge carriers are crucial for 

any device. As the efficiency of any device is highly dependent on the dynamics of 

photoexcited charge carriers at the heterointerface, thus we must investigate excited 

state photophysical processes like charge transfer and recombination dynamics at the 

interface to fabricate efficient optical devices. Since these events are ultrafast in 

nature, we have utilized transient absorption spectroscopy (TAS) in my thesis work to 

track the interfacial charge transfer and relaxation events that occur over time scales 

of a few femtoseconds (fs) to nanoseconds (ns) in different heterojunction systems. 

To design cost effective devices, it is vital to comprehend the dynamics of these 

materials in their excited states. My first work deals with the synthesis of Cu2ZnSnS4 

(CZTS) nanoparticles and CdS quantum dots (QDs) using the hot-injection method 

followed by fabrication of CZTS, CdS, and CZTS/CdS heterojunction thin films with 

the help of a spin-coating technique. Steady state and time-resolved 

photoluminescence studies confirm the hole transfer from photoexcited CdS to CZTS 

and the hole transfer rate constant was calculated to be 0.366 × 10
9
 sec

-1
. The ultrafast 

studies clearly suggest electron transfer from the CZTS domain to the CdS domain 

with a time constant of 0.14 ps, establishing the charge transfer efficiency in the 

heterointerface. Thus, our results demonstrate the fast charge separation in CZTS/CdS 

heterojunction film. The next work is designed to explore the underlying hot carrier 

relaxation and transfer strategies within the SnSe/CdSe p-n heterostructure. 

SnSe/CdSe heterostructure is synthesized by hot injection followed by the cation 

exchange method. The epitaxial growth of the (400) plane of SnSe along the (111) 

plane of CdSe has been confirmed through HRTEM analysis. Transient absorption 
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(TA) studies demonstrate a drastic enhancement of the CdSe biexciton signal which 

points toward the hot carrier transfer from SnSe to CdSe in a short time scale. 

Afterward, these carriers are transferred back to SnSe. The observed delocalization of 

carriers in these two systems is crucial for an optoelectronic device. Further, we 

examine the ultrafast excited-state dynamics at the junction between Sb2Se3 and CdSe 

QDs in the Sb2Se3/CdSe p-n heterostructure system. The enhanced intensity of the 

CdSe hot excitonic (1P) bleach in the heterostructure system confirmed the hot 

electron transfer, instead of getting trapped in the defect states present in Sb2Se3, 

migrate from Sb2Se3 to the CdSe system. Further, both the 1S and 1P signals are 

dynamically very slow in the heterosystem, validating this charge migration 

phenomenon. Interestingly, recovery of the 1P signal is much slower than that of 1S 

which indicates the robustness of hot electron transfer in this unique heterojunction, 

that helps in increasing the carrier lifetime in the hot state. My next work is based on 

studying the interfacial charge transfer processes at the p-n junction of the 1D/0D 

SnS@CdS p-n heterostructure system. The structural and morphological properties 

presented that CdS QDs are uniformly anchored on the surface of SnS NRs resulting 

in an intimate contact between two components. The steady state and time resolved 

photoluminescence analysis demonstrated the transfer of photoexcited holes from 

CdS QDs to SnS NRs which was further confirmed by transient absorption studies. 

Moreover, the transient studies reveal the delocalization of electrons between the 

conduction band of SnS NRs and CdS QDs in the SnS@CdS heterostructure, 

resulting in efficient charge separation across the p-n hetero-junction. Finally, we 

have explored the charge transfer and recombination dynamics in Sb2Se3/CdS thin 

film p-n heterojunction. The Sb2Se3/CdS heterojunction film was fabricated using the 

thermal evaporation technique. The ultrafast studies reveal the electron transfer from 

Sb2Se3 to CdS thin film and spatial charge separation at the Sb2Se3/CdS p-n junction. 

Moreover, the photocurrent response of Sb2Se3/CdS heterojunction was greatly 

enhanced as compared to bare Sb2Se3 and CdS films under light illumination owing to 

improved separation rate of photogenerated charge carriers in heterojunction system, 

which correlates with our transient investigations, and are crucial factors for the 

fabrication of solar energy-based devices. In conclusion, we have investigated the 

intrinsic photophysical processes at the interface of some very prominent metal 

chalcogenides, which will open a new route for the fabrication of extremely effective 

photovoltaic and photocatalytic devices. 
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1.1. General Introduction 

The energy crisis and environmental difficulties are now major worldwide challenges 

due to the quick expansion of modern industry and the rise in population.
1-4

 Thus, it is 

highly encouraged to develop better alternative systems that are low-cost, renewable, 

earth-abundant, and have the potential to replace silicon in the electronic industry. 

Metal chalcogenide-based semiconductor materials have attracted immense attention 

in the research field. They are the best alternative materials for harvesting light as 

they possess unique electronic and optical properties such as, high absorption 

coefficient (10
4
-10

5
 cm

-1
), tunable bandgap, high stability, low cost, and earth-

abundant elements.
5-7 

The flexibility in bandgap engineering makes metal 

chalcogenides a promising candidate for next-generation semiconductor devices. 

However, the performance of these materials is limited by the fast recombination of 

photogenerated electron and hole pairs and inadequate band edge potentials.
8 

Thus, 

various strategies have been encountered to efficiently separate the electron-hole pairs 

including doping, metal loading, and engineering the heterojunctions. Among them, 

the engineering of p-n heterojunctions has indeed been considered one of the most 

promising strategies for the fabrication of reliable and efficient photovoltaic and 

photocatalytic devices.
9-13

 Due to the synergic absorption of two semiconductors with 

distinct bandgaps, the wide light response range of heterostructures expands to the 

entire solar spectrum, thus increasing their solar energy utilization efficiency. 

Moreover p-n heterojunctions offer bandgap tunability and spatial separation of 

electron-hole pairs owing to the presence of the built-in electric field.
14-17

 The p-n 

junctions are the fundamental and elementary building blocks of many electronic and 

energy storage devices, gas sensing devices, photovoltaics, photocatalysis viz. solar 

cells, light emitting diodes (LEDs), etc.
18-20

 They are the primary active sites where 

the efficient charge transfer processes take place.
21

 The efficiency of any device is 

highly dependent on the dynamics of photoexcited charge carriers at the interface of 

heterojunctions. The fate of quasi-particles, excitons, and biexcitons including their 

relaxation, transfer, and recombination pathways directly impacts the overall 

efficiency of the photovoltaic devices. Therefore, an in-depth understanding of these 

photophysical processes is essential to repudiate processes that limit performance and 

to design efficient optical devices.
22,23

 Since these processes are ultrafast, therefore we 

have utilized transient absorption spectroscopy (TAS) to observe them. TAS can 
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examine ultrashort events that take place in a very short time scale viz picoseconds 

(ps-10
-12

 s) and femtoseconds (fs-10
-15 

s). In this thesis, we have used the femtosecond 

transient absorption (TA) technique to study charge transfer and relaxation dynamics 

at the p-n junction of different heterostructures. In some cases, we have also 

established a direct connection between photocurrent response and excited state 

charge carrier dynamics.  

This chapter briefly introduces metal chalcogenide nanocrystals (NCs), quantum dots 

(QDs) and their fascinating optical properties, the effect of quantum confinement on 

the size and properties of QDs, different types of heterojunctions, p-n heterojunctions, 

and Marcus theory of electron transfer. The chapter further addresses the numerous 

photophysical processes that occur in semiconductor QDs as well as interfacial charge 

transfer processes that take place in semiconductor heterojunction upon 

photoexcitation  

1.2. Metal chalcogenides  

Metal chalcogenide nanocrystals (NCs) are nanoscale semiconductor materials 

composed of metal cations and chalcogen anions such as sulfur (S), selenium (Se), or 

tellurium (Te). Binary metal chalcogenide NCs consist of single anionic chalcogen and 

single cation, belonging to I2-VI groups, II-VI groups, and IV-VI group compounds. 

Widely used II-VI group NCs are CdS, CdSe, CdTe, ZnS, ZnSe, etc.  IV-VI group 

consists of SnS, SnSe, PbS, PbSe, etc. Alloyed metal chalcogenide QDs consist of 

either a single anionic chalcogen and more than one cation or more than one anionic 

chalcogen and cations. Alloyed metal chalcogenide nanoparticles are mainly focused on 

quaternary alloyed QDs I2-II-IV-VI4 such as CZTS, CZTSe, etc.
24

 They have unique 

optical and electronic properties making them attractive for various applications, 

including optoelectronics, photocatalysis, photovoltaics, and biomedicine.
 
In my thesis, 

we have worked on binary and quaternary metal chalcogenides.  

1.3. Nanocrystals and Quantum dots  

Recently, semiconductor NCs or QDs have emerged as a new category of materials 

and exhibit unique optical and electronic properties.
25,26

 Consequently, QDs provide a 

unique platform for the fast development of technologies like photocatalysis, 
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photovoltaics, and light-emitting devices.
27-30

 In semiconductor materials, the motion 

of charge carriers (electrons and holes) is restricted when the dimension of the 

material is less than the de-Broglie wavelength of carriers. Based on the confinement 

of charge carriers, the nanomaterial can be defined into three categories: 

1. Two-dimensional (2D) – In two-dimensional materials, the charge carriers are 

confined in only one direction. For example, quantum wells or thin films.  

2. One-dimensional (1D) – In one-dimensional material, the charge carriers are 

confined in two directions. For example, quantum wires.  

3. Zero-dimensional (0D) – In zero-dimensional material, the charge carriers are 

confined in all three directions. For example, in quantum dots. 

In general, quantum confinement causes an increase in the bandgap of the 

semiconductor while the size of the QDs decreases as shown in Figure 1.1. The QDs 

are semiconductor NCs where the motion of charge carriers (electrons and holes) is 

constrained in all three dimensions.
31,32

 They have properties intermediate to bulk 

materials and single molecules. Material properties depend on size, shape, and surface 

area to volume ratio when the crystal lattice size reduces to the nanometre level. The 

quantum confinement phenomenon in QDs enables us to modify optical 

characteristics such as absorbance and photoluminescence (PL) throughout the broad 

range of the optical spectrum by only maintaining the composition of the material 

constant while varying the size of the material. These materials provide numerous 

fundamental interesting aspects and different potential applications in biomedical,
33,34

 

solar light harvesting,
35,36

 and light emitting devices
37

 owing to their exciting 

properties including higher absorption coefficient, large dipole moments, optical 

tunability, etc.
33-36 

1.3.1. Confinement effect in semiconductor NCs 

When light shines on a material, an electron is excited from the valence band (VB) to 

the conduction band (CB), creating an exciton or electron-hole pair. If mh and me are 

the effective masses of holes and electrons, respectively, the exciton Bohr radius can 

be expressed by the following equation:
 

𝑎B = 𝜖 
𝑚

µ
 𝑎H 
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where 𝜖 is the dielectric constant of the material, 𝑎H is the Bohr radius of the hydrogen 

atom (0.0052 nm), 𝑚 is the rest mass of an electron, and 𝜇 is the reduced mass of 

the exciton (electron-hole reduced mass). 

 

Figure 1.1. Schematic illustration of quantum confinement effect in semiconducting 

NCs or QDs. 

The NCs display several types of confinement depending on the size of the NCs. If 

the size of NC (r) is less than the Bohr radius of electron, hole, and exciton (r < 𝑎e, 𝑎e, 

𝑎e), it shows a strong confinement regime. On the other hand, in the weak 

confinement region, the NC radius is smaller than the electron and hole but is larger 

than the exciton Bohr radius. If the radius is bigger than either electron (or hole) but 

smaller than the exciton Bohr radius, it will result in an intermediate confinement 

zone. Lowering the particle size results in greater confinement and more distinct 

energy levels.
38,39

  

1.3.2. Particle-in-a sphere model  

The particle in a three-dimensional box is the most basic model to explain the 

quantum confinement phenomenon in semiconductor QDs. In QDs, as we discussed 

earlier, the electron and hole pairs are confined in all three directions which results in 

size quantization. The particle-in-a-sphere model has been employed to describe size 

quantization in terms of quantum mechanics. When a particle of mass “m” is confined 

in a sphere of radius “a” with the conditions for potential energy following the below 

equation
40

: 
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V(r) = 0, for r < a 

V(r) = ∞, for r > a 

Where V(r) is the potential energy of the particle. The wavefunction obtained by 

solving the Schrodinger equation has the form:
 

𝛷𝑛,𝑙,𝑚 (𝑟, 𝜃, 𝜑) = 𝐶
 𝑗𝑙(𝑘𝑛,𝑙,r)𝑌𝑙

𝑚(θ,φ))

𝑟
 

Here, C is the normalization constant, 𝑗𝑙(𝑘𝑛,𝑙, r) is the spherical Bessel function of lth
 

order and 𝑌𝑙
𝑚(θ, φ) is the spherical harmonics. 

From this, the particle energy can be calculated from the eigenvalue of the 

Schrodinger equation
 

𝐸𝑛,𝑙 =   
ℏ2𝑘𝑛,𝑙

2

2𝑚
     where,  𝑘𝑛,𝑙 = 

α𝑛,𝑙

𝑎
 

𝐸𝑛,𝑙 =   
ℏ2𝛼𝑛,𝑙

2

2𝑚𝑎2  

According to Schrödinger‟s wave theory, there is no potential energy inside the 

sphere. Thus, the only source of energy that contributes to the total is the electron's 

kinetic energy which is highly dependent on the size of the QDs. The quantized state 

may be characterized by distinct quantum numbers like n (1, 2, 3...), l (s, p, d...), and 

m since the eigenfunctions are analogous to atoms. This model gives an approximate 

solution for the size dependent electronic structure of quantum confined particles. 

According to this model, the sphere is empty and the particle within has been 

liberated from all forms of perturbation. But in a crystal, the semiconductor is made 

up of several atoms. After considering effective mass approximation theory, this 

restriction can be eliminated. 

1.3.3. Effective mass approximation theory 

In contrast to what the particle-in-a-sphere model predicts, the semiconductor NCs are 

composed of atoms. Therefore, effective mass approximation (EMA) is used to 

realistically depict the photo-excited carriers inside a sphere.
41

 Here, the valence and 

conduction bands in bulk semiconductors are represented by parabolic isotropic 
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bands. According to the block theorem, the wavefunction of bulk semiconductors can 

be presented as 

𝜓𝑛𝑘(𝑟) = 𝑢𝑛𝑘(𝑟) exp (ik.r) 

Where "𝑢𝑛𝑘(𝑟)" is the function of the crystal lattice's periodicity, "n" stands for the 

band index label (n = c for the conduction band and n = v for the valence band), and 

"k" is the wave vector. The “E” vs. “k” plot energy level of the wave function is 

shown in Figure 1.2. The bands are taken to be parabolic for simplicity in the 

effective mass approximation. In general, this approximation classifies 

semiconductors into two types: direct band gap and indirect band gap semiconductors. 

In the case of a direct band gap semiconductor, the maxima of the VB and minima of 

the CB both lie at k=0, whereas in the case of an indirect band gap semiconductor, the 

conduction band minimum is apart from k=0. As a result, to follow the Frank-Condon 

principle, electronic transitions from the VB to the CB require phonons for indirect 

bandgap semiconductors. 

According to effective mass approximation the energy of valence and conduction 

band can be written a  

𝐸𝑘
𝑐  = 

ℏ2𝑘2

2𝑚𝑒𝑓𝑓
𝑐  + 𝐸𝑔 

Ek
v = - 

ℏ2k2

2meff
v  

Where Eg represents the band gap of bulk semiconductor and the superscript “c” and 

“v” stand for valence and conduction bands, respectively. The 𝑚𝑒𝑓𝑓
𝑐  𝑎𝑛𝑑 𝑚𝑒𝑓𝑓

𝑣  are the 

effective mass of the electron in the conduction band and the hole in the valence band, 

respectively. In this approximation, the charge carriers are considered as a free 

particle with effective mass 𝑚𝑒𝑓𝑓. The scope of this approximation, however, is 

restricted to bulk semiconductors when the parabolic nature of the valence and 

conduction bands is assumed. 
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Figure 1.2. Energy band diagram (“E” vs “k”) for (A) direct and (B) indirect bandgap 

semiconductors. 

For single particle systems like electrons, holes and exciton, this model has been 

modified using envelop function approximation. According to this theorem, the 

wavefunction of a single particle is given as: 

𝜓𝑠𝑝(𝑟) = ∑ 𝐶𝑛𝑘
𝑘
𝑖 𝑢𝑛𝑘(𝑟) exp (𝑖𝑘. 𝑟) 

where 𝐶𝑛𝑘 is the expansion coefficient that satisfies the spherical boundary 

conditions. 

Upon considering the weak dependence of 𝑢𝑛𝑘(𝑟) on k, the wavefunction equation 

can be simplified as: 

𝜓𝑠𝑝(𝑟) = 𝑢𝑛0(𝑟) ∑ 𝐶𝑛𝑘𝑘  exp (𝑖𝑘. 𝑟)= 𝑢𝑛0(𝑟)𝑓𝑠𝑝(𝑟) 

Here, 𝑓𝑠𝑝(𝑟)  is referred to as a single-particle wave function. Index “n” denotes the 

conduction and valence band for electron and hole, respectively. Thus, the exciton 

envelop wavefunction can be written as the combination of electron and hole envelop 

function. The exciton or electron-hole pair (ehp) energy can be expressed by the 

following equation
42

: 

𝐸𝑒𝑝 = 𝐸𝑔 + ℏ2 (
𝑘2

2𝑚𝑒𝑓𝑓
𝑐 +

𝑘2

2𝑚𝑒𝑓𝑓
𝑣 ) 

𝐸𝑒𝑝=𝐸𝑔 +
ℏ2

2𝑎2 (
𝛼2

2𝑚𝑒𝑓𝑓
𝑐 +

𝛼2

2𝑚𝑒𝑓𝑓
𝑣 ) 
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In exciton, the electron and hole pair experience strong coulombic interactions. The 

coulomb energy varies inversely with particle radius. So, the overall energy of exciton 

in QD can be written as: 

𝐸𝑒𝑝=𝐸𝑔 +
ℏ2𝜋2

2𝑚𝑒ℎ𝑎2  (
𝛼2

2𝑚𝑒𝑓𝑓
𝑐 +

𝛼2

2𝑚𝑒𝑓𝑓
𝑣 ) −

1.8 𝑒2

𝜀𝑎
 

Where, 𝑚𝑒  is the reduced mass of the electron and hole pair. 

Hence, the final energy of the exciton depends on three parameters: the material‟s 

band gap (Eg), confinement energy, coulomb energy, and radius (a) of the QD. On a 

decrease in the size of the nanoparticle i.e., in a strong confinement regime, the 

confinement energy term becomes more dominant than the coulomb energy term. 

Thus, the EMA theory successfully describes the discrete nature of the energy levels 

and enhancement in the band gap upon reducing particle size. In this thesis, we have 

synthesized CdX (X= S, Se) QDs and their heterostructures for charge transfer 

investigation.  

1.3.4. Effect of dimensionality of material on the density of 

states  

The density of states describes the distribution of allowed energy states in any 

material. It is defined as the number of available energy states per unit volume per 

unit energy interval and is denoted by g(E). It is an important parameter that 

influences the optical properties and charge carrier dynamics processes in a 

material.
43,44

 

Let us assume that the particle is confined in a potential barrier with boundary 

conditions given below: 

𝑘𝑥 =
2𝜋

𝐿
𝑛𝑥  ,   𝑘𝑦 =

2𝜋

𝐿
𝑛𝑦 ,  𝑘𝑧 =

2𝜋

𝐿
𝑛𝑧 

Here, “k” and “n” are the wave vector and real value, respectively. 

The density of states for electrons is expressed as: 

N = 2×
4𝜋

3
× 𝑘𝑓

3 ×
𝑉

8𝜋3 

Where "V" is the volume per state and the factor "2" comes due to the presence of two 

spin states. 
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The density of states can be written as 

g(E) = 
1

 𝑉
 
𝜕𝑁

𝜕𝐸
 

For bulk (3D) semiconductor  

g(E)
3D

 = 
√2𝐸𝑚3

𝜋2ℏ3  

Thus, for bulk or 3D materials, the density of states is continuous and is proportional 

to the square root of energy. 

In the case of quantum well or 2D materials,  

g(E)
2D

 = 
𝑚

𝜋ℏ2 

For 2D materials, the density of states is independent of energy. 

For quantum wire or 1D materials, density of states is expressed as, 

g(E)
1D

 = 
𝑚

𝜋ℏ
√

2𝑚

𝐸
 

So, for 1D material, the density of the state is inversely proportional to the square root 

of the energy. 

Since the charge carriers are restricted in all three special directions for QDs or 0D 

systems, the energy states are discrete and the density of states may be represented as 

a delta function. The variation of density of states with increasing carrier confinement 

is shown in Figure 1.3. 

 

Figure 1.3. Schematic illustration of the variation of density of states with increasing 

quantum confinement. 
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1.3.5. Charge separation in quantum dots 

A large surface-to-volume ratio in QDs causes the ions on the surface to trap the 

charge carriers, which results in charge carrier loss. Additionally, the strong columbic 

interaction inside the charge carrier promoted recombination due to confinement in a 

relatively tiny volume. These prohibit such QDs from being used in any device 

applications. However, the fast recombination of charge carriers may be avoided and 

electrons and holes can be separated by creating heterostructures, as will be covered 

below. 

1.4. Semiconductor heterojunctions and their various types 

When light falls on a semiconductor material electron and hole pairs are generated. As 

a result, it is highly challenging to separate photogenerated electron-hole pairs which 

is crucial for for device applications. Despite being a highly challenging task, 

avoiding electron-hole recombination can be achieved with the right photocatalyst 

design. Many different techniques, such as doping, metal loading, and making 

heterojunctions, have been suggested to effectively separate the photogenerated 

electron-hole pairs in semiconductor photocatalysts. Among them engineering 

heterojunctions in photocatalysts has emerged as one of the most promising methods 

for the creation of advanced photocatalysts owing to its effectiveness and feasibility 

for the spatial separation of electron-hole pairs. A heterojunction is an interface 

between two different semiconductor materials within a device or a structure. 

Depending upon the CB and VB offset between different semiconductor materials, 

different possibilities can be identified as shown in Figure 1.4. In Type-I or straddling 

gap heterojunctions, the conduction band minimum (CBM) and the valence band 

maximum (VBM) of one material lie within the CBM and VBM of the other material, 

respectively. This alignment results in the confinement of both electrons and holes in 

one of the semiconductor materials, leading to strong carrier localization.
45,46

Thus, the 

electron-hole pairs cannot be successfully separated because both electrons and holes 

accumulate on the same semiconductor. In Type-II or staggered gap heterojunctions, 

the CBM and VBM of the second semiconductor lie below the CBM and VBM of the 

first semiconductor, respectively. As the lowest energy state of electron and hole 

reside in distinct semiconductors, the energy gradient at the interfaces tends to 
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spatially separate them on different sides of the heterojunction. This spatial separation 

is useful for applications such as photodetectors and solar cells.
47-50

 Similar to the 

type-II heterojunctions, the type-III or broken gap heterojunctions have a staggered 

gap that is so severe that the bandgaps do not overlap.
 
Because of this, type-III 

heterojunctions cannot allow for electron-hole migration or separation between the 

two semiconductors, making them unsuitable for improving electron-hole pair 

separation.  

 

Figure 1.4. Schematic representation of charge carrier localization regions for 

different types of heterojunctions. 

1.5. Importance of p-n heterojunction 

Although the type-II heterojunction can separate electron-hole pairs in space but the 

boost in electron-hole separation that has been obtained across a type-II 

heterojunction is insufficient to stop the ultrafast electron-hole recombination on the 

semiconductor. Thus, to overcome these limitations, p-n semiconductor 

heterojunctions were proposed. The goal is to accelerate the migration of electron-

hole pairs across the heterojunction, thereby enhancing photocatalytic performance.
51 

William Schockley made important contributions to the p-n junction hypothesis. He 

developed Shockley diode equation. A semiconductor diode's current-voltage 

characteristics are described by the Shockley diode equation. This equation served as 

the basis for understanding other semiconductor devices like p-n junctions.
52 

Semiconductor p-n heterojunction is fabricated by combining p-type and n-type 

semiconductors (Figure 1.5). Before light irradiation, there is a diffusion of electrons 

from the n-type semiconductor to the p-type semiconductor, leaving positively 
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charged ions and holes from the p-to-n-type semiconductor, leaving negatively 

charged ions. When the p-type and n-type semiconductors are exposed to light with 

energy equal to or higher than their bandgap value, both types of semiconductors get 

excited and generate electron-hole pairs. The photogenerated electrons and holes in 

the p-type and n-type semiconductors migrate under the influence of the internal 

electric field to the CB of the n-type semiconductor and the VB of the p-type 

semiconductor, respectively. This spatial separation of electron-hole pairs contributes 

to the improved photocatalytic performance. The electron-hole separation process is 

thermodynamically feasible because the CB and the VB of the p-type semiconductor 

are normally located higher than those of the n-type semiconductor in a p-n 

heterojunction photocatalyst. The electron-hole separation efficiency in p-n 

heterojunction photocatalysts is faster than that of type-II heterojunction 

photocatalysts due to the synergy between the internal electric field and the band 

alignment.
53

 In my thesis work, we have synthesized p-n heterojunctions employing 

CZTS, SnS, SnSe and Sb2Se3 semiconductors as a p- type material and CdX (X=S, 

Se) as n-type semiconductor material. 

 

Figure 1.5. Schematic illustration of the electron-hole separation under the influence 

of the internal electric field in a p–n heterojunction photocatalyst under light 

irradiation. 
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1.5.1 Theory of p-n heterojunctions 

A small charge transfer by diffusion leaves behind on the p-side an excess of negative 

(-) ionized acceptors and on the n-side an excess of positive (+) ionized donors. This 

charge double layer creates an electric field directed from n to p that inhibits diffusion 

and thereby maintains the separation of the two carrier types. Because of this double 

layer, the electrostatic potential in the crystal takes a jump in passing through the 

region of the junction as represented in Figure 1.6. 

 

Figure 1.6. Electrostatic potential from negative acceptor (-) and positive donor (+) 

ions near the junction.  

The potential gradient inhibits diffusion of holes from the p-side to the n-side, and it 

inhibits diffusion of electrons from the n-side to the p-side. The electric field in the 

junction region is called the built-in electric field. 

The electric currents of holes and electrons are additive so that the total forward 

electric current is given by the following equation. 

ID = Is [exp (qV/kB T)-1] 

where ID is the diode current, Is the reverse bias saturation current, V is voltage, kB is 

the Boltzmann constant, q represents the elementary charge and T is absolute 

temperature.  This equation is well satisfied for p-n junctions and is called Shockley 

ideal diode equation. 
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1.6. Marcus’s theory of electron transfer 

The Marcus theory explains the complete mechanism of the electron or charge 

transfer process. According to electron transfer (Marcus) theory, the rate of electron 

transfer can be expressed by the following equation,
54,55

 

𝑘𝐸𝑇 = 𝑘
𝑘𝐵𝑇


exp (−

∆𝐺𝐸𝑇
#

𝑘𝐵 𝑇
) 

here,  ∆𝐺𝐸𝑇
# = (

(∆𝐺𝐸𝑇
0  +𝜆)2

4𝜆
) 

where, k is the adiabaticity parameter (k=1 for adiabatic reaction, and k<1 for non-

adiabatic reaction). λ is the reorganization energy which is the energy required to 

reorganize the reactants and their surrounding solvent from the product without the 

transfer of electrons. ∆𝐺𝐸𝑇
#  is the activation energy for electron transfer, ∆𝐺𝐸𝑇

0  is the 

difference in free energy of the reactant and product, also called the driving force for 

the reaction, 𝑘𝐵  is the Boltzmann constant, h is the Planck constant and T is for 

absolute temperature. Thus, the rate of electron transfer depends on the change in free 

energy (∆𝐺𝐸𝑇
0 ) and reorganization energy (λ) parameter. Figure 1.7 shows the plot of 

potential energy of reactant (R) and product (P). 

 

Figure 1.7. Potential energy versus nuclear coordinate plot in electron transfer 

reaction.  

According to the values of ∆𝐺𝐸𝑇
0  and λ. Three Marcus regions can be constructed for a 

non-adiabatic case (Figures 1.8).
56 
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a) Normal region: The region is referred to as a normal region when -∆𝑮𝑬𝑻
𝟎 < 𝜆.  

Here, the rate of electron transfer increases with an increase in the value of 

free energy difference. 

b) Barrierless region: When, -∆𝑮𝑬𝑻
𝟎 = 𝜆.  In this situation the activation energy 

for electron transfer ∆𝑮𝑬𝑻
𝟎 =0 

c) Inverted region: When -∆𝑮𝑬𝑻
𝟎 < 𝜆.  In this case, the rate of electron transfer 

decreases with increasing the value of free energy difference. 

 

Figure 1.8. A plot of electron transfer rate versus change in Gibb‟s free energy, 

depicting three different regions of electron transfer reactions. 

The Marcus-Hush equation has been used instead of the Marcus equation in an 

adiabatic situation which is expressed below 

𝑘𝐸𝑇 =
2𝜋

ℏ
|𝐻𝐷𝐴

2 |
1

√4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝(−

(𝜆 + ∆𝐺𝐸𝑇
0 )2

4𝜆𝑘𝐵 𝑇
) 

Here, 𝑯𝑫𝑨
𝟐  represents the electron coupling between donor and acceptor 

wavefunction.  For adiabatic reaction, |𝑯𝑫𝑨|>> kBT whereas |𝑯𝑫𝑨|< kBT for non-

adiabatic reaction.  

1.7. Different photophysical processes in semiconductor nanocrystals 

When semiconducting material is excited with energy (process 1) greater than the 

bandgap of material, it results in the formation of hot electron and hole pairs in the 

high energy states. The hot charge carriers relax to the lowest energy state or 

bandedge (process 2). Once the electron and hole are in the lowest energy state, they 
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can recombine radiatively to give photoluminescence (process 3). However, the hot as 

well as thermalized electron or hole can get trapped (process 4). In the presence of 

suitable molecules or other nanoparticles having favourable energy states both the hot 

and thermalized electron (and hole) can be transferred or extracted (processes 5 and 6) 

as depicted in Figure 1.9.  In my work, I have fabricated different heterojunctions to 

extract the charge carriers.  This process is very important for photovoltaic and 

photocatalytic applications. 

 

Figure 1.9. Different photophysical processes that take place in a semiconducting 

system, after photoexcitation. 

1.7.1. Hot carrier relaxation dynamics in QDs 

When a photon with energy higher than the band gap energy of semiconductor QD is 

absorbed, hot exciton (electron-hole pairs) is generated. The hot carriers both hot 

electrons and hot holes can relax to the corresponding bandedge through different 

relaxation pathways. Since the energy spacing between intrabands in a bulk 

semiconductor is smaller than thermal energy, therefore, the carrier relaxation 

(cooling) occurs via phonon emission.
57-59

However, in quantum dots the energy gap 

between two intraband states is higher than thermal energy, therefore, the hot carrier 

relaxes in a variety of ways, including Auger recombination, phonon bottleneck, and 

electron-hole energy transfer.
60-62
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1.7.2. Phonon bottleneck 

In semiconductor QDs, the relaxation of hot excitons to their lowest electronic state is 

impeded by a phenomenon known as phonon bottleneck.
63,64

The electronic states are 

separated by large energies (fractions of eV) in QDs compared to the phonon energies 

of tens of meV. Therefore, the relaxation of hot electrons through transferring excess 

energy to phonon requires multiple phonon emissions which is a very slow process. 

The expected slow cooling of hot electrons in QDs is known as phonon bottleneck 

(Figure 1.10).
65-67 

Such multi-phonon relaxation time can be estimated by
68 

τ = 
1

𝜔𝐿𝑂
 exp(

∆𝐸

𝑘𝐵𝑇
) 

Where 𝛥𝐸 is the energy spacing between the intraband states of the CB and 𝜔𝐿𝑂 is the 

frequency of the longitudinal optical phonon. 𝑘𝐵𝑇 is the thermal energy where 𝑘𝐵 is 

Boltzmann constant and T is the absolute temperature. Thus, carrier relaxation is 

mediated by interaction between the electron and longitudinal optical phonon which 

increases the cooling time of the NCs while decreasing the size of NCs due to 

restrictions imposed by momentum and energy conservation.  

 

Figure 1.10. Schematic diagram of hot carrier relaxation through (A) phonon 

emission, (B) phonon bottleneck. 

1.7.3. Auger recombination 

It has been observed experimentally that the hot electron relaxation rate increases for 

QDs (CdSe) on decreasing the size which suggests the involvement of other 

relaxation channels.
69-73

 One major mechanism is the Auger-assisted relaxation 

process. It is a non-radiative process which require three particles to take place. Either 
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two electrons and one hole or two holes and one electron. In this process, the hot 

electron transfers its energy to the valence band hole as in the smaller size regime due 

to large coulomb attraction, the electron-hole become coupled to each other strongly. 

Due to the higher effective mass of holes (mh/me=6 in CdSe) than electrons in II-VI 

semiconductors, holes are more easily able to relax through phonon emission. When 

the electron is decoupled from the hole the electron cooling becomes slower. 

1.7.4. Multi Exciton Generation (MEG) 

In a particular semiconductor when the excitation energy of a photon has energy at least 

two times or more than the band gap of the semiconductor (h>> Eg), then during 

relaxation of hot exciton, the excess energy can generate another exciton within the 

semiconductor leading to biexciton. Depending on the photon energy sometimes more 

than two excitons can be generated which is more efficient for lower band gap materials 

such as PbS, PbSe, CdTe, etc. Such a process is commonly known as multi-exciton 

generation.
74-76 

Sometimes the process is also referred as impact ionization. The Augur 

process is reverse to the MEG phenomenon (Figure 1.11). The MEG process is 

beneficial for improving the efficiency of solar cells.
77

 In this mechanism, the 

semiconductor having more than one exciton, can transfer energy to another exciton as 

a result hot exciton is created. The hot exciton can undergo relaxation in many different 

pathways. The hot exciton produced by the pump and the band-edge exciton produced 

by the probe beam interact Coulombically to form the biexciton. In my thesis work, we 

have noticed that CdSe biexciton signal intensity becomes much higher in SnSe/CdSe 

heterostructure when photoexcited with 350 nm laser pulse.
68

 

 

Figure 1.11. Schematic of (A) MEG (biexciton) and (B) Augur process. 
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1.7.5. Effect of carrier trapping on optical properties of QDs 

The surface of quantum dots has a significant impact on their optical characteristics.
78-

80
With a decrease in particle size, the surface-to-volume ratio increases which results 

in more atoms at the surface. When compared to the atoms inside the QDs, these 

surface-located atoms are different. In contrast to atoms at the surface, those inside 

are totally bound and have completed their valency. In the band gap of QDs, these 

unfilled valency sites of the atoms at the surface lead to non-bonded energy states. 

These are referred to as dangling bonds or defects and are seen in picture and play a 

significant role in nanomaterials (Figure 1.12). Defects play an important role in 

nanomaterials. The optical characteristics are significantly influenced by the surface 

structure. Surface dangling bonds are created as a result of the atoms on the surface 

being under coordinated control, acting as localized states generating shallow or deep 

trap states in the energy band structure of the material. These trap centers act as a sink 

for the photoexcited charge carriers. Trapping of electron and hole pairs enhance the 

probability of non-radiative recombination and is a detrimental process which 

decrease the photoluminescence quantum yield.
81,82 

Charge trapping is usually a very 

fast process and it can accelerate the hot carrier cooling and the subsequent 

recombination processes. 

 

Figure 1.12. Different trapping mediated recombination processes: (A) electron 

trapping, (B) hole trapping and (C) both electron and hole trapping. 

The trapping of charge carriers can be reduced by transfer or extracting theses carriers 

to another material before trapping which can be efficiently done by making 

heterojunctions.
83

 In my thesis work, we found that instead of trapping in the defect 
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states present in Sb2Se3 QDs, the hot electrons get transferred from photoexcited 

states of Sb2Se3 to the hot state of CdSe which increased the spatial separation of 

charge carriers in a hot excitonic state.
84

 

1.7.6. Hot charge carrier extraction from semiconductor 

QDs 

Any photon with energy above the bandgap that strikes a semiconductor material 

produces electron and hole (e-h) pairs with extra kinetic energy equal to the energy 

difference between the incident photon energy and the bandgap energy of the 

material. These e–h pairs are referred to as hot charge carriers (Figure 1.13). In 

conventional solar cells, the excess energy of photons over the bandgap is wasted as 

heat. The hot carrier transfers their extra energy to heat upon deexcitation. The 

following equations illustrate how the extra energy is distributed among the hot 

carrier
58

  

ΔEe = (hν-Eg) [1+
𝑚𝑒

∗

𝑚
∗⁄ ]

-1 

ΔEh = (hν-Eg)- ΔEe 

where 𝑚𝑒
∗  and 𝑚

∗  are the effective masses of electrons and holes, respectively. ΔEe 

and ΔEh are the excess energy of hot electrons and holes, respectively. ΔEh is the 

difference in energy between VB and initial energy of photogenerated holes, whereas 

ΔEe denotes the energy difference between the initial energy of photogenerated 

electrons and the CB. Since the photogenerated charge carriers formed by the 

absorption of photons larger than the bandgap are out of equilibrium, these excess 

energies manifest as kinetic energy in the corresponding charge carriers (holes and 

electrons). The hot carriers cool down to bandedge through carrier-carrier and carrier-

phonon scattering. It continues until the energy of hot carrier is below the energy of 

longitudinal optical phonon. Hot carriers show a great potential in devices such as 

solar cells allowing to break the 33% Shockley Queisser limit thereby increasing the 

efficiency of light harvesting materials.
85

 The effective utilization of such excess 

energy can be achieved by two alternative processes, namely (i) by extracting the hot 

carriers before their rapid cooling, or (ii) by producing one or two more e–h pairs 

through impact ionization. The first process refers to the hot-carrier solar cell and the 
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second one is known as multiple exciton generation (MEG) or carrier 

multiplication.
86,87

 Hot carrier extraction is an unconventional and innovative 

approach to overcoming the unavoidable energy losses in solar cells.
88-92 

As a result, 

hot carriers enable boosting the power conversion efficiency (PCE) beyond Shockley–

Queisser (S–Q) limit. The concept is based on the thermal isolation of hot carriers and 

phonons (so that they may stay at different temperature regimes), followed by their 

selective extraction to the external circuit through efficient energy-selective contacts. 

Studies on hot carriers have been also extended to various significant applications 

such as photocatalysis,
93-98

 photodetection,
99,100

 and light emission.
101,102

 

 

Figure 1.13. Absorption of an incident photon with energy higher than the bandgap 

energy (Eg) of a semiconductor. Excited electrons and holes are collectively called hot 

carriers, whose excess energy is ΔEe and ΔEh for hot electrons and hot holes, 

respectively. Upon de-excitation, the excess energy is converted to heat through the 

emission of phonons. 

So, in order to extract these hot carriers in a material, it is extremely important to 

make its heterostructure with other suitable bandgap semiconductor material. In my 

thesis work, I have studied the charge transfer dynamics in various heterojunction 

systems using transient absorption spectroscopy. 
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1.7.7. Charge transfer processes in p-n heterojunction 

Heterostructures consist of two or more different semiconductor materials and they 

exhibit a wide range of photophysical processes owing to the interaction between two 

constituent materials (Figure 1.14). These processes can be harnessed for various 

applications in optoelectronics, photovoltaics, and photonics.
103

 When different 

materials are in close proximity, excitons can transfer their energy from one material to 

another which can be utilized in light harvesting in fluorescence resonance energy 

transfer-based sensors. P-n heterostructures provide built-in electric fields that facilitate 

charge carrier separation, which is essential for generating photocurrent. In some cases, 

for high-carrier density in narrow-bandgap materials, Auger recombination becomes 

significant. In heterojunctions, energy band alignment can be engineered to enhance or 

reduce Auger recombination rates.  We have found that the Auger recombination rate in 

SnS@CdS p-n heterostructure gets reduced as compared to bare SnS NRs and CdS 

QDs due to significant hole transfer from CdS QDs to SnS NRs.
98 

 

Figure 1.14. Various relaxation pathways in a semiconductor p-n heterojunction 

system, after photoexcitation. 

1.8. Overview and scope of the thesis 

The goal of the current thesis is to better understand the fundamental photophysics 

involved at the interface of p-n heterojunctions. Revealing the carrier cooling, 

trapping, and recombination processes is extremely important to understand the 

working mechanism and design of highly efficient optoelectronic devices. The present 
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dissertation focuses on exploring the interfacial charge transfer, trapping and 

relaxation dynamics in p-n semiconductor heterojunction systems using the 

femtosecond TA spectroscopy. The processes of charge separation and transport must 

be thoroughly understood to build highly effective devices. 

The thesis has been organized as follows: 

Chapter 1: This chapter describes the fundamentals of metal chalcogenides and 

different types of heterojunction systems. The effect of quantum confinement and 

band structure in semiconductor QDs, different types of heterojunctions, importance 

of p-n heterojunctions and Marcus‟s theory of electron transfer also has been 

explained. A brief description of the numerous ultrafast carrier relaxation processes 

that take place in nanomaterials and at the interface of heterostructures after 

photoexcitation has been addressed.  

Chapter 2: This chapter deals with the synthesis techniques used to fabricate 

nanocrystals and their heterostructures along with the different experimental 

techniques employed for characterization, detailing the theory behind each approach 

and the comprehensive overview of the precise experimental setups used. The as-

synthesized materials and their heterostructures were characterized using many 

different techniques, like X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS) and Transmission electron microscopy (TEM). XRD give information of the 

crystal structure of materials. TEM and High-resolution TEM (HRTEM) provide 

information about the size and morphology of these materials, and for establishing the 

existence of any intimate contact between two systems in a heterojunction. The 

ground-state optical properties were monitored using steady-state optical absorption 

and photoluminescence (PL) spectroscopy. Time-correlated single photon counting 

(TCSPC) was utilized to determine the average PL lifetime of the synthesized 

materials. Finally, a detailed exploration of ultrafast charge transfer and relaxation 

dynamics was monitored through ultrafast transient absorption spectroscopy. 

Chapter 3: The third chapter deals with the synthesis of Cu2ZnSnS4 (CZTS) 

nanoparticles and CdS quantum dots (QDs) using the hot-injection method followed 

by fabrication of CZTS, CdS, and CZTS/CdS heterojunction thin films with the help 

of a spin-coating strategy. Steady state and time-resolved photoluminescence studies 
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confirm the hole transfer from photoexcited CdS to CZTS and the hole transfer rate 

constant was found to be 0.366 x 10
9
 sec

-1
. The ultrafast studies clearly suggest 

electron transfer from the CZTS to the CdS domain with a time constant of 0.14 ps, 

establishing the charge transfer efficiency in the heterointerface. Thus, our results 

demonstrate the fast charge separation in CZTS/CdS heterojunction film.  

Chapter 4: This chapter reveals the underlying hot carrier relaxation and transfer 

strategies within the SnSe/CdSe p-n heterostructure.  SnSe/CdSe heterostructure is 

synthesized by hot injection followed by the cation exchange of Cd
2+

 with Sn
2+

 ions. 

The epitaxial growth of the (400) plane of SnSe along the (111) plane of CdSe has 

been confirmed through HRTEM analysis. Transient absorption (TA) studies 

demonstrate a drastic enhancement of the CdSe biexciton signal which points toward 

the hot carrier transfer from SnSe to CdSe in a short time scale. Afterward, these 

carriers are transferred back to SnSe. The observed delocalization of carriers in these 

two systems is crucial for an optoelectronic device.  

Chapter 5: Further, we examined the ultrafast excited-state dynamics at the junction 

between Sb2Se3 and CdSe QDs in the Sb2Se3/CdSe p-n heterostructure system in this 

chapter. The enhanced intensity of the CdSe hot excitonic (1P) bleach in the 

heterostructure system confirmed that instead of getting trapped in the inter bandgap 

defect states present in Sb2Se3, the hot electron transfer from Sb2Se3 to CdSe system. 

Further, both the 1S and 1P signals are dynamically very slow in the heterosystem as 

compared to bare CdSe validating the charge migration phenomenon. Interestingly, 

recovery of the 1P signal is much slower than that of 1S which indicates the 

robustness of hot electron transfer in this unique heterojunction, which helps in 

increasing the carrier lifetime in the hot state. This slower decay of hot energy 

excitons provides us a unique opportunity to extract these hot carriers for the 

betterment of an optical device. 

Chapter 6: This chapter is based on studying hole transfer process at the p-n junction 

of 1D/0D SnS@CdS p-n heterojunction system. The structural and morphological 

properties confirm that CdS QDs are uniformly anchored on the surface of SnS NRs 

resulting in an intimate contact between SnS NRs and CdS QDs. The steady state and 

time resolved photoluminescence analysis demonstrated the transfer of photoexcited 

holes from CdS QDs to SnS NRs which was further confirmed by transient absorption 
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studies. Moreover, the transient studies reveal delocalization of electrons between the 

conduction band of SnS NRs and CdS QDs in SnS@CdS heterostructure. 

Furthermore, pump fluence studies proved that hole migration, rather than auger 

recombination, is effectively occurring in SnS@CdS HS. These results will provide 

new insight into designing low cost and better energy storage devices. 

Chapter 7: Finally, in this chapter, we have explored the charge transfer and 

recombination processes in Sb2Se3/CdS thin film p-n heterojunction. The Sb2Se3/CdS 

heterojunction film was fabricated using the thermal evaporation deposition 

technique. The ultrafast studies reveal the electron transfer from Sb2Se3 to CdS thin 

film and spatial charge separation at the interface of Sb2Se3/CdS heterojunction. 

Moreover, the photocurrent response of Sb2Se3/CdS heterojunction was greatly 

enhanced as compared to bare Sb2Se3 and CdS films under solar light illumination 

owing to improved separation rate of photogenerated charge carriers in heterojunction 

system, which correlates with our transient investigations, and are crucial factors for 

the fabrication of highly efficient solar energy-based devices. This ultrafast charge 

transfer process faster than the trapping process is crucial in optimizing the Sb2Se3 

based heterostructures in photovoltaic applications. 

The final chapter, Chapter 8, deals with the summarized discussion of all these 

results and future perspectives. These findings would help in the development of 

better solar cells, photo-detector, and photocatalytic devices. 
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This chapter deals with the complete list of synthetic procedures and the basic details 

of the instrumental techniques utilized to complete my thesis work. The colloidal 

nanocrystals (NCs), and quantum dots (QDs) have been synthesized by hot injection 

method. Further, different semiconductor heterostructures have been synthesized by 

employing the cation exchange technique. Also, the thin film heterojunctions of the 

metal chalcogenides have been fabricated using various techniques including spin 

coating and thermal evaporation. The mechanism of these methods and the underlying 

principle have been thoroughly discussed in this chapter.  X-ray diffraction (XRD) 

was employed to determine the crystal structure of the NCs and thin films. The size 

and morphology of the materials were determined by transmission electron 

microscopy (TEM). TEM is a very important tool to confirm the intimate contact 

between two materials in a heterostructure. X-ray photoelectron spectroscopy (XPS), 

discovered the composition and oxidation states of the elements in nanoparticles and 

heterostructure systems. Field emission scanning electron microscopy (FESEM) was 

used to determine the elemental distribution and their atomic percentage. Mott 

Schottky plots were utilized to determine the type of conductivity (p or n-type) of the 

material. The steady-state optical properties of the synthesized materials and their 

heterojunctions were explored using UV-vis absorption and photoluminescence (PL) 

spectroscopy. The PL lifetime in the nanosecond time scale was determined through 

the time-correlated single photon counting (TCSPC) technique. Finally, femtosecond 

ultrafast transient absorption (TA) spectroscopy has been utilized to investigate the 

charge transfer and relaxation processes in p-n heterostructures.   
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2.1. Synthesis techniques 

In the present thesis, we will deal with colloidal synthesis and thin film fabrication 

techniques particularly hot injection and thermal evaporation for the preparation of 

nanomaterials as well as their corresponding heterostructures. 

2.1.1. Colloidal Synthesis: Hot injection method 

Colloidal nanoparticles (NPs) can be synthesized via either a top-down or bottom-up 

approach. The top-down approach begins with a bulk material and its size is reduced 

to form NCs using lithography, ion beam etching and ball milling methods, etc.
1
 

However, these results NCs with a high density of surface defects, so they are not as 

appealing. In contrast, bottom-up synthesis involves taking precursor molecules with 

a capping agent and forming nanocrystals with control synthesis and therefore they 

are more frequently used.
2
 This method includes all the chemical synthetic routes like 

colloidal synthesis, chemical vapor deposition (CVD), etc. The hot injection method 

is considered the most effective technique for the successful synthesis of high-quality 

nanomaterials with uniform size distribution. The theory behind the hot injection 

technique is described by the La Mer model as shown in Figure 2.1A.
3,4

  

 

Figure 2.1. (A) Classic La Mer mechanism for nucleation and growth for synthesis of 

monodisperse colloidal particles. (B) Typical hot injection synthesis setup for the 

synthesis of metal chalcogenide nanoparticles. 

According to La Mer, the process of nucleation and growth can be divided into three 

steps: (I) A quick increase in the concentration of free monomers in solution, (II) the 

monomer undergoes burst nucleation which effectively decreases the concentration of 
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free monomers in solution, and (III) when the concentration of monomer reduces 

below the critical level, there is almost no nucleation and growth process of nuclei 

proceed via Ostwald ripening.
5
 At this stage, smaller particles join to form larger 

particles. Separation of the nucleation from growth results in the desired narrow size 

distribution. In hot injection synthesis oleic acid and oleylamine are commonly used 

surfactants to prevent the resulting NPs from agglomeration.6
 This method permits to 

control of the size and shape of the NPs.
7
 The schematic representation of the 

colloidal synthesis technique has been shown in Figure 2.1 B. 

The hot injection synthesis method has received widespread attention for better shape, 

size, homogeneity, and composition control to obtain highly luminescent NCs and 

heterostructures by combining two or more materials in one structure. 

2.1.2. Synthesis of colloidal p-n semiconductor 

heterostructures:  

Cation exchange 

It is desired to create semiconductor heterostructures in order to fine-tune the carrier 

wavefunctions of QDs and enhance their photophysical characteristics.
8 

The 

controlled synthesis of colloidal epitaxial hybrid nanostructures with exceptional 

monodispersity, uniform size, uniform shape, and high purity is made possible by the 

colloidal synthesis technique.
9,10

 Ion (cation/anion) exchange is indeed a fascinating 

method to prepare heterostructures by exchanging the ions at the interface of the 

heterostructure.
11

 Semiconductor heterostructures are synthesized by a two-step 

synthesis. In this, nanomaterial prepared by traditional hot-injection methods can be 

used as anion templates for the preparation of heterostructures that would be 

inaccessible by direct methods. Cation exchange simply involves replacing the cations 

in an ionic crystal while the anionic framework remains intact. This occurs by 

exposing the parent ionic crystal to new cations, either in solid or solvated liquid 

form. The new cations enter the parent crystal as the original cations diffuse out of the 

crystal and into the reaction solvent. In the process of cation exchange, external 

cations enter the parent crystal at the same time as the original cations diffuse out of 

the crystal as shown in Figure 2.2.
12

 The equivalent anion exchange has also been 
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reported; however, anions often have lower mobilities due to their additional valence 

electrons and generally bigger radius, which necessitates high reaction temperatures 

or prolonged reaction periods, leading to poor quality final materials.
13

  

 

Figure 2.2. Schematic of cation exchange reaction. 

M
n+

 (liquid) + C- A (crystal)                   C
n+

 (liquid) + M-A (crystal) 

By changing the experimental parameters, such as the reaction temperature, reaction 

time, solvent system, type and concentration of precursors, and the surfactants or 

ligands used, the size, shape, morphology, growth mode, and architecture of 

synthesized epitaxial hybrid nanostructures can be finely tuned. Through cation or 

anion exchange reactions, where the morphology of the nanostructures can be 

preserved, the compositions of synthesized epitaxial hybrid nanostructures can also be 

tuned post-synthesis.
14

 Furthermore, cation exchange is an emerging chemical method 

that allows low-temperature formation of colloidal NCs and heterostructures, not 

achievable by other methods.
15

  

2.2. Fabrication of thin films  

2.2.1. Spin Coating Method 

Spin coating is a common method for depositing thin films on substrates. When a 

solution of a material and solvent is spun at high speeds, the centripetal force and the 

surface tension of the liquid together create an even covering. After any remaining 

solvent has evaporated, spin coating results in a thin film ranging from a few 

nanometres to a few microns in thickness (Figure 2.3).  Film thickness can be easily 

varied by changing the spin speed, or viscosity of material.
16-18

 In my thesis, we have 

spin-coated CZTS, CdS as well as CZTS/CdS thin films using the spin coater (Apex 

Instruments). 
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Figure 2.3. Schematic diagram for thin film deposition via spin coating technique. 

2.2.2. Thermal evaporation technique 

In my thesis work, we have used the thermal evaporation technique to make thin films 

and their heterojunctions. Thermal evaporation is a versatile high-vacuum-based 

coating technique that belongs to physical vapor deposition methods.
19,20 

In this, the 

powder source materials are evaporated at high temperatures usually in a vacuum 

environment, causing it to evaporate and condense onto a substrate as a thin film. The 

evaporation method has the advantages of easy operation, high-speed film formation, 

and high production efficiency. It is one of the most widely used techniques for thin 

film preparation.
21,22

 The picture and typical schematic diagram of the evaporation 

system are described in Figure 2.4 A, B. The material to be evaporated typically in 

the form of solid/powder. The powder is placed into a crucible or boat constructed of 

tungsten, tantalum, or molybdenum, which is built to withstand extreme temperatures 

as it is heated to the desired temperature using resistive heating. The thermal 

evaporation process is carried out in a vacuum environment to minimize 

contamination and ensure uniform film deposition. The different vacuum pumps are 

used to establish and maintain the required vacuum level inside the chamber. This 

ensures the removal of unwanted gases and contaminants. The chamber is evacuated 

to reduce gas collisions with the vapor particles. A rotary pump is used to attain the 

roughing vacuum of about ~ 10
-3 

mbar and a turbo pump has been utilized to further 

achieve a high vacuum of ~ 10
-6

 mbar.  When the evaporation source material is 

heated, the thermal vibration energy of the molecules or atoms in the material exceeds 

the surface binding energy. The result will be a significant number of atoms 

evaporating or sublimating before eventually condensing to create thin films on the 

substrate.
 
The substrate at which films are deposited should be placed near the 

crucible. Before deposition, the substrate is subsequently cleaned in an ultrasonic bath 



Chapter 2 

47 | P a g e  

using detergent, de-ionized (DI) water, and isopropanol. The substrate can be rotated 

and heated during the deposition process. The deposition chamber is pumped to a 

pressure of less than 5 × 10
-6

 Pa before evaporation. Pirani gauge was used to measure 

the roughing pressure in the main and load lock chamber while penning gauge was 

used to measure high pressure in main chamber.
 23 

Excess of source powder kept in a 

tungsten or tantalum boat which is twined with tungsten wire. The deposition rate was 

controlled by turning the current of the tungsten filament, and thickness was 

monitored by microcrystalline quartz balance. A typical evaporation system is 

described in Figure 2.4B. 

 

Figure 2.4. (A) Picture of the instrumental set-up for thermal and magnetron 

sputtering system, and (B) Basic layout of the evaporation process.  

In my thesis, we have used the AUTO 500 thermal evaporation and magnetron 

sputtering coating system from Hind High Vacuum (HHV) Co. Ltd.  

2.3. Synthesis procedures 

2.3.1. Materials used 

Copper (II) acetylacetonate (Cu(AcAc)2), Zinc acetate (Zn(OAc)2), Tin (II) chloride 

(SnCl2), Sulphur powder (S), Cadmium oxide (CdO), Trioctylphosphine (TOP), 

Selenium powder (Se), Antimony chloride (Sb2Cl3), Hexamethyldisilazane (HMDS), 

Tetrabutylammonium perchlorate (TBAP), Thioacetamide (TAA), Dodecanethiol 

(DDT) Octadecene (ODE), 1-Oleylamine (OLM), Oleic acid (OA), Chloroform 

(CHCl3), Toluene (C7H8),  Hexane (C6H14), Bulk Sb2Se3 powder (99.99 % pure), CdS 

powder (99.99 % pure), Deionized (DI) water. All the chemicals were purchased from 

Sigma‐Aldrich, India, and used without further purification. Ethanol and methanol 
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(AR grade) were used for precipitating the crude products while toluene, chloroform, 

and hexane were used for re-dispersing the purified samples.  

2.3.2. Synthesis of CZTS NPs 

We executed the synthesis of CZTS NPs following a few previously reported 

synthetic procedures after incorporating a few minor changes.
 24,25

 First, a mixture of 

4 mmol Cu(AcAc)2, 2 mmol Zn(OAc)2, and 2 mmol SnCl2 was dissolved in 20 mL 

OLM and transferred in a 100 ml three-neck round bottom (RB) flask. This solution 

was stirred vigorously in the flask in the nitrogen (N2) atmosphere and heated at 

130°C for 30 min until the solution became brownish. Once it became brownish, it 

was injected with Sulphur solution prepared by adding 10 mmol S in 8 mL OLM and 

then heated up to 260°C and kept for 1 hour. It was noticed that the colour of the 

solution changed from dark brownish to blackish. After that, the reaction was cooled 

down to room temperature. The resultant solution was centrifuged at 6000 rpm for 10 

minutes. The precipitate was washed with ethanol three times to remove the unreacted 

precursors and finally re-dispersed in toluene.  

2.3.3. Synthesis of CdS QDs 

We have used the hot injection method to synthesize CdS QDs.
26 

Cadmium oleate 

solution was prepared by adding 4 mmol CdO, 11.6 mL ODE, and 3.4 mL of OA into 

the three-neck RB flask, and the solution was heated to 300°C under N2 atmosphere. 

Separately, the S solution was prepared by adding 2 mmol Sulfur powder into 1.2 mL 

TOP and 4.5 mL ODE, which was injected into cadmium oleate solution at 300 °C 

under N2 atmosphere, and the reaction was maintained at 300°C for 10 min. Finally, 

the solution was allowed to cool down to room temperature. The crude product was 

centrifuged at 7000 rpm for 5 min. The precipitate was washed with methanol and re-

dispersed in chloroform. 

2.3.4. Fabrication of CZTS/CdS heterojunction  

CZTS and CdS solutions were deposited on a glass substrate with the help of a spin 

coater to engineer thin film heterojunctions. The glass substrates were properly 

cleaned with soap solution, de-ionized (DI) water and finally with acetone in an 

ultrasonic bath for 10 min each and dried. The CZTS solution was spin-coated on 
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glass at 1000 rpm for 40 s and dried at room temperature. To prepare the CZTS/CdS 

thin film heterojunction, the as-prepared CZTS thin film on glass was spin-coated 

with CdS solution at 800 rpm for 50 s at room temperature and dried. Under similar 

conditions, the CdS thin film was also prepared separately on a glass substrate for 

reference.  

2.3.5. Synthesis of SnSe NSs 

The synthesis of SnSe nanosheets (NSs) was carried out following previously 

reported synthetic procedures with minor modifications.
27,28 

First, to prepare 1M 

TOP-Se solution, 5 mmol Se powder was dissolved in 10 mL TOP. For the synthesis 

of SnSe NSs, 0.2 mmol of SnCl2 and 25 mL of OLM were added into a three-neck 

round bottom flask. Then, TOP-Se stock solution and 1mL of HMDS were also added 

and stirred for 15 min. Finally, the solution was stirred vigorously in the flask in the 

N2 atmosphere and heated to 240° C which resulted in the formation of SnSe NSs. 

The solution was kept at this temperature for 10 min and it was cooled quickly by 

removing the reaction flask from the heating mantle. The SnSe NSs are precipitated 

by adding 30 mL ethanol and then centrifuged at 9000 rpm for 10 min. The precipitate 

was washed with ethanol three times to remove the unreacted precursors and finally 

re-dispersed in toluene. 

2.3.6. Synthesis of CdSe QDs 

CdSe QDs are synthesized employing previously reported synthetic procedure with 

minor modifications.
29,30

 Briefly, cadmium oleate solution was prepared by adding 4 

mmol (138 mg) CdO, 40 mL ODE, and 7 mL of OA into the three-neck RB flask and 

the solution was heated to 300°C under an N2 atmosphere. Separately, the Se solution 

was prepared by adding 0.5 mmol (40 mg) Se powder into 5 mL ODE and 4 ml of 

OA, which was injected into cadmium oleate solution at 300 °C under N2 atmosphere 

and the reaction temperature was maintained at 300°C for 10 min. Finally, the 

solution was allowed to cool down to room temperature. The crude product was 

centrifuged at 7000 rpm for 5 min. The precipitate was washed with methanol and re-

dispersed in toluene for further characterization.  
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2.3.7. Synthesis of SnSe/CdSe heterostructure  

SnSe/CdSe heterostructure was synthesized using CdSe QDs synthesized before as a 

template. Typically, in a 25 mL round-bottom flask, the metal precursor (1.5 mmol) 

SnCl2, and 10 mL OLM were degassed at 100 °C for 10 min. The reaction flask was 

re-stored with N2 and the reaction temperature was raised to 120 °C while stirring for 

one hour. 1 mL of the CdSe suspension (0.05 mmol in toluene) was added slowly into 

the above reaction flask and the reaction mixture was stabilized at 120 °C for 10 min. 

Subsequently, OA was added to the mixture when the temperature of the mixture 

decreased to 80 °C. After 20 min, the reaction was cooled to room temperature using 

cold water. The ethanol was added, then the suspension was centrifuged and the 

supernatant was removed. The SnSe/CdSe heterostructure was then dispersed in 

toluene for further characterization. 

2.3.8. Synthesis of Sb2Se3/CdSe heterostructure  

Sb2Se3/CdSe heterostructure was prepared by reacting Sb precursor with a solution of 

CdSe QDs. The pre-synthesized CdSe QDs were used as a template. In a typically, 25 

mL three-neck RB flask, 20 mg Sb2Cl3, and 10 mL OLM were added and degassed at 

110 °C for 10 min. The reaction flask was purged with N2 and the reaction 

temperature was raised to 150 °C. Here, the reaction was kept for 25 min. 1 mL of the 

CdSe QDs solution (0.03 mmol in toluene) was added slowly into the reaction flask 

and the reaction mixture was maintained at 120 °C for 10 min. Afterward, the reaction 

was cooled down to room temperature. Excess ethanol was added, then the suspension 

was centrifuged and the supernatant was removed. Further, precipitate containing 

Sb2Se3/CdSe heterostructure was collected and then dispersed in toluene for further 

study.  

2.3.9. Synthesis of Sb2Se3 QDs  

Sb2Se3 QDs were synthesized via complete cation exchange of CdSe QDs with Sb
3+

 

ions. In a typically, three-neck RB flask, 50 mg Sb2Cl3, and 10 mL OLM were 

degassed at 100 °C for 10 min. The reaction flask was purged with N2 and the 

reaction temperature was raised to 150 °C. Here, the reaction was kept for 20 min. 1 

mL of CdSe QDs (0.05 mmol in toluene) was added slowly into the above reaction 
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flask and the reaction mixture was stabilized at 120 °C for 10 min. Afterward, the 

reaction was cooled down to room temperature using cold water. Ethanol was added, 

then the suspension was centrifuged, and the supernatant was removed. The Sb2Se3 

QDs were then dispersed in toluene for further characterization.  

2.3.10. Synthesis of SnS NRs 

The synthesis of SnS nanorods (NRs) was carried out using the hot injection 

method.
31 

In a typical synthesis, 1 mmol SnCl2 was dissolved in 5 ml of OLM and 

ODE in a three-neck RB flask. The mixture was stirred continuously and evacuated at 

120
o
 C for 30 min. Afterward, the temperature was dropped to 80 

o
C. Sulphur 

precursor was prepared by dissolving S powder in 1 mmol TAA and 2 mL OLM and 

was swiftly injected into the tin precursor. After that, 1mL of DDT was added after 5 

min. Then, the solution was heated to 150 
o
C and was maintained for 30 min and then 

it was cooled quickly by removing the reaction flask from the heating mantle. The 

SnS NRs are precipitated by ethanol and then centrifuged at 9000 rpm for 10 min. The 

precipitate was washed with ethanol three times to remove the unreacted precursors 

and finally re-dispersed in hexane. 

2.3.11. Synthesis of CdS QDs stock solution 

CdS QDs are synthesized employing previously reported synthetic procedures with 

minor modifications.
32 

Cadmium oleate solution was prepared by adding 4 mmol 

CdO, 11.6 mL 1-ODE, and 3.4 mL OA into the three-neck RB flask and the solution 

was heated to 260 °C under N2 atmosphere. Separately, the S solution was prepared 

by adding 2 mmol S powder into 1.2 mL TOP and 4.5 mL 1-ODE, which was injected 

into cadmium oleate solution at 300 °C under N2 atmosphere and the reaction was 

maintained at 300 °C for 10 min. Finally, the solution was allowed to cool down to 

room temperature. The crude product was centrifuged at 7000 rpm for 5 min. The 

precipitate was washed with methanol and re-dispersed in hexane. 

2.3.12. Synthesis of SnS@CdS p-n heterojunction  

0.5 mL of original SnS NRs were purified and re-dispersed in 5 mL of ODE, which 

was then loaded in a three-neck flask and degassed at 120 ℃ with N2 purging for 

about 30 min. The temperature was raised to 180 ℃ for the slow injection of 2 ml CdS 
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stock solution. Then, the temperature was increased up to 220 ℃ and was maintained 

for 10 min. Afterward, the reaction solution was allowed to cool down to room 

temperature. Finally, the product was washed with ethanol and redispersed in hexane 

for further characterization.  

2.3.13. Deposition of Sb2Se3 film  

Sb2Se3 films were fabricated by thermal evaporation of 99.99% pure Sb2Se3 powder 

using thermal evaporation thin film deposition method.
33,34 

Glass was used as 

substrates. Before deposition, the substrate was subsequently cleaned in an ultrasonic 

bath using detergent, de-ionized water, and isopropanol. The deposition chamber was 

pumped to a pressure of less than 5 × 10
-6

 Pa before evaporation. Excess Sb2Se3 

powder was kept in a tungsten or tantalum boat which was twined with tungsten wire. 

The deposition rate was controlled by turning the current of the tungsten filament, and 

thickness was monitored by microcrystalline quartz balance. The evaporation source 

was positioned 31.5 cm away from the sample holder. The evaporation source was 

preheated for 5 min before opening the shutter to deposit Sb2Se3 film. Deposition rate 

was kept at approximately 10 Å/s and lasted for 10 min. Continuous rotation of the 

sample holder with 3 rad/min during the deposition process facilitated the formation 

of homogeneous films. Afterward, the shutter was closed and the samples were cooled 

down to room temperature naturally. 

2.3.14. Deposition of CdS film 

CdS thin films were fabricated using a thermal evaporation deposition technique 

following a previously reported procedure with minor modifications.
35 

High-purity 

CdS powder kept in a tungsten boat was evaporated inside the vacuum chamber. The 

deposition was carried out on a substrate maintained at room temperature. 

2.3.15. Deposition of Sb2Se3/CdS thin film p-n heterojunction  

To prepare the Sb2Se3/CdS thin film p-n heterojunction, CdS powder was evaporated 

over as-prepared Sb2Se3 films keeping all the experimental conditions same. The 

excess CdS powder to be deposited was kept in a boat and the deposition rate was 

controlled by turning the current of the tungsten filament. 
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2.4. Characterization Techniques 

2.4.1. X-Ray Diffraction (XRD) 

X-rays are electromagnetic radiation of wavelength ~ 1Ǻ which is of the same order 

as the interplanar lattice plane of the crystal.
 
 XRD is a very important experimental 

technique that has been used to determine the crystal structure of solids, including 

lattice constants and identification of unknown materials. 
36,37

  

Principle: In XRD, a collimated beam of X-rays falls on a specimen, and it diffracts 

from the crystalline planes of the specimen based on Bragg‟s law
38

:  

𝑛𝜆 = 2𝑑s𝑖𝑛𝜃 

where n is the diffraction order, λ is the incident X-ray wavelength, d is the 

interplanar distance for a particular crystal plane and θ is the angle of diffraction 

(Figure 2.5). The intensity of X-rays is measured as a function of the diffraction angle 

(2θ) and the specimen‟s orientation. This diffraction pattern is used to identify the 

specimen‟s structural properties and its crystalline phases. The diffraction peak 

positions are accurately measured with XRD; thus, it is the best method for 

characterizing homogeneous and inhomogeneous strains. Homogeneous strain usually 

shifts the peak position of diffracted rays while inhomogeneous strains can cause a 

broadening of diffraction peaks that increases with 𝑆𝑖𝑛𝜃. Moreover, the finite size of 

crystallite can also cause the peak broadening but in this case, broadening is 

independent of 𝑆𝑖𝑛𝜃. In the absence of inhomogeneous strain, the average particle 

size can be calculated from the XRD peak width using Scherrer‟s equation, 

x = 
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

where x is the average particle size, K is the shape factor (usually close to 1), 𝛽 is the 

full width at half maximum (FWHM) of the peak and 𝜃 is the diffraction angle. 
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Figure 2.5. Diffraction of incident X-rays by a crystal and Bragg‟s law. 

Instrumentation: The basic components of XRD consist of an X-ray source, sample 

holder, and X-ray detector as shown in Figure 2.6. A cathode tube within the source 

is heated to create electrons, which are then accelerated to strike the target material by 

applying enough voltage. X-rays are produced when inner shell electrons in a material 

are removed by electrons with sufficient energy (specific to the target material). This 

X-ray would have a spectrum of different wavelengths that would be specific to the 

target material and consist of many wavelengths. To create a monochromatic X-ray 

beam to strike the material, this X-ray spectrum is filtered using foils or crystal 

monochromators. Using precisely positioned optics and a monochromator, the 

reflected X-ray beams are focused on the detector. The detector gathers, processes, 

and sends the signal to the computer at a count rate. When the bombarding X-ray 

beams are following Bragg's law, constructive interference occurs and a peak is 

visible in the output data. The sample and the X-ray source maintain an angle of θ 

during the measurement, whereas the detector maintains an angle of 2θ. 

 

Figure 2.6. The basic layout of powder X-ray diffractometer. 
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For my thesis, we have utilized a Bruker D8 ADVANCE PXRD equipped with Cu Kα 

radiation (1.5418 Ǻ), operating at an accelerating voltage of 40 kV and a current of 25 

mA. The resulting XRD patterns were compared to databases maintained by the Joint 

Committee on Powder Diffraction Standards (JCPDS). 

2.4.2. X-ray Photoelectron Spectroscopy (XPS) 

XPS was employed to examine the surface composition and oxidation states of 

elements present in the sample. It is a powerful surface characterizing tool where soft 

X-ray beams either Mg Kα (h𝜈 =1253.6 eV) or Al Kα (h𝜈 =1486.6 eV) are directed to 

the sample surface.
39-41

  

Principle: The operation of XPS is based on the principle of the photoelectric effect. 

Monochromatic X-ray photons that strike the sample surface cause the atoms in that 

material to eject electrons from their inner orbitals (Figure 2.7). The kinetic energy 

(KE) of these ejected electrons is dependent on the binding energy (BE) of the 

electron and the spectrometer work function (Φ) and may be determined using 

Einstein's equation: 

KE = hν-BE-ϕ 

 

Figure 2.7.  The basic principle of XPS. 

where hν is the energy of the photon, BE is the binding energy of the atomic orbital 

from which the electron originates, and ϕ is the spectrometer work function. XPS 

mainly measures the KE of the electrons since the other two parameters are constant. 

The binding energy of ejected electrons depends upon the nature of orbitals from 

where they are expelled. Due to spin-orbit coupling with intensities of 1:2, 2:3, and 

3:4, respectively, the p, d, and f orbitals break into p1/2 and p3/2, d3/2 and d5/2, f5/2 and 

f7/2 levels.   
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Figure 2.8. Outline of an XPS setup. 

Instrumentation: XPS instruments consist of several key components (Figure 2.8) 

which are discussed below: 

1. Ultrahigh vacuum system: XPS instruments require an ultrahigh vacuum 

environment with operating conditions typically below 10
-9

 Torr. This vacuum is 

necessary because the emitted photoelectrons have low energy and can be easily 

absorbed by gas molecules present in the chamber. To minimize interactions of 

electrons with the gas, the pressure needs to be extremely low. 

2. X-ray Source: XPS instrument use an X-ray source to excite the sample. The 

most commonly used X-ray sources in XPS are Al Kα (1486.6 eV)) and Mg Kα 

(1253.6 eV) X-rays. These X-rays are directed through a monochromator which 

permits only specific energies of X-rays to reach the sample. 

3. Monochromator: A monochromator was used to select and filter the X-rays of a 

particular energy to fall on the sample. This ensures that only X-rays of the 

desired energy range are used for excitation and analysis. 

4. Electron energy analyzer: An electron energy analyser, often called a 

concentric hemispherical analyser, is used to separate photoelectrons of various 

kinetic energies, after passing through a few lenses and apertures. A certain 

voltage is maintained between these hemispheres, with the outer sphere being 

more negative.  
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5. Argon (Ar) ion gun: An Ar ion gun is utilized to remove environmental 

contaminations from the material‟s surface. 

6. Detector: Electron multipliers are used as XPS detectors. To capture the most 

electrons, numerous electron multipliers are frequently used. These detectors 

transmit the data to a computer, which creates an XPS spectrum from the 

electrical signal. 

In my thesis, we utilized a K-alpha XPS system built by Thermo Fisher Scientific, 

with an Al Kα X-ray source of 1486.6 eV energy. For achieving a survey spectrum 

and a narrow scan, the CHA pass energy was kept at 200 eV and 500 eV, 

respectively. To keep the ultrahigh vacuum, two turbo ion pumps and one rotary 

pump were employed. 

2.4.3. Scanning Electron Microscopy (SEM)  

SEM is a powerful technique that provides information about the surface properties, 

topography, crystal structure, grain boundary, and elemental composition of the 

materials.
42,43

  

Instrumentation: The several key components of SEM are an electron gun, lenses, 

backscattered electron detector (BSED), secondary electron detector (SED), and 

energy dispersive X-ray spectrometer (EDS). The basic outline of SEM is presented 

in Figure 2.9.  

 

Figure 2.9. The basic layout of SEM showing the various parts of the instrument. 



Chapter 2 

58 | P a g e  

1. Electron source: The source of the electrons, the electron gun, has the ability to 

alter the electrons' amplitude and acceleration. Typically, numerous types of 

electron sources are used as electron sources. Tungsten (W) filaments, lanthanum 

hexaboride (LaB6), and Schottky field emission are the most commonly utilized 

electron sources. 

2. Electromagnetic lens: The electron beam generated from the electron gun is 

passed through electromagnetic lenses. The electromagnetic lenses could focus 

and de-magnify electron beams. The diameter of the electron beam after passing 

through the electromagnetic lens can be determined using the following equation: 

d = 
1

2𝐵
√

2𝑚𝑉0

𝑒
 

Here, 𝑑 is the probe diameter in millimeters, B is the magnetic field in Tesla, e is the 

electron charge, m is electron mass, and 𝑉0 is the accelerating voltage (kV) of an 

electron. 

The sample chamber is positioned at the bottom of the electron columns and 

generally, it is kept under vacuum condition. Here, the vacuum is not as high as 

compared to the electron column, and the specimen chamber is maintained at a 

pressure of around 10
-3

 Pa. 

3. Detectors: SEM incorporates several detectors to collect the signals generated by 

the interaction of the electron beam with the sample. The most common detectors 

include backscattered electron detectors, secondary electron detectors, and X-ray 

detectors. The main function of the detector is to receive the signal from the 

specimen and convert it into an electrical signal. 

In my thesis work, we have utilized a JEOL scanning electron microscope (model no: 

JSM-7610F Plus). This instrument could acquire data at a very fast speed with high-

quality images.  

2.4.4. Transmission Electron Microscopy (TEM)  

Introduction: TEM is a versatile technique used to investigate the structure, 

morphology, and properties of nano-sized materials. It has diverse applications in 

materials science, nanotechnology, biology, and other fields, etc. In TEM, a beam of 
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electrons is transmitted through a thin sample, and the resulting image is formed by 

detecting and interpreting the interactions of the electrons with the sample. The TEM 

equipment operates on the same fundamental optical principles as a light microscope 

but uses electrons in place of light and magnetic lenses in place of traditional glass 

lenses.
44,45

 Since electrons have a very short effective wavelength, TEM may be used 

to observe very tiny things, such molecules and nanoparticles. TEM is now the most 

effective method of electron microscopy, having a resolution of over 2 nm. Ernst 

Ruska and Max Knoll, two German physicists, created the first experimental TEM 

apparatus in 1931.
46

 Today, TEM is widely utilized in all scientific fields to visualize 

the structure, morphology, flaws, and other characteristics of any material. 

Principle: When an electron beam is bombarded on the specimen/sample, these high-

energy incoming electrons strongly interact with the specimen atoms to produce 

diverse signals as illustrated in Figure 2.10. Some of the phenomena include X-ray 

emission, backscattering of electrons, inelastic and elastic scattering, secondary 

electron emission, etc. However, in typical TEM imaging, the only electrons that are 

of relevance to us are those in the forward scattered beam, which pass through the 

material without deviating (limited within 5° along the direct beam). 

The resolution of a TEM refers to its ability to distinguish fine details and resolve 

closely spaced features in the sample being examined. De Broglie's equation provides 

the electron's wavelength as 

λ = 


𝑝
 

Where h is Planck‟s constant and 𝑝 is the momentum. An electron with mass m0 gains 

momentum under high voltage (𝐸) as per the following equation 

𝑝= √2E𝑚0 

Thus, λ in nm units can be represented as 

λ = 


√2𝐸𝑚0
 

As a high-speed electron beam is produced by an electron gun, therefore, it is crucial 

to consider relativistic effects. The wavelength is expressed as, 
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λ = 


√2𝐸𝑚0(1+
𝐸

2𝑚0𝑐2 )
 

This equation demonstrates that the resolution of the TEM equipment is inversely 

proportional to the energy of the electron. 

Thus, by using a high-energy electron beam typically 120 kV for organic samples and 

200 kV for inorganic materials, atomic-level resolution can be attained using TEM.  

 

Figure 2.10. The different signals generated when a high-energy electron beam 

interacts with the thin specimen.   

Instrumentation: The basic layout of the TEM instrument is shown in Figure 2.11. 

It is comprised of a variety of components. 

1. Electron Source: The TEM utilizes an electron gun as its source of electrons 

and it is positioned at the top of the TEM column. Thermionic guns and field-

emission guns (FEG) are the two different categories of electron guns. In a 

thermionic emission gun, the filament is placed inside the Wehnelt cylinder. 

Different types of filaments are available including W and single crystals of 

LaB6. LaB6 is currently the most widely used filament as it can produce a beam 

that is around ten times brighter than a W filament and has a significantly longer 

lifespan. In comparison to the W filament, the LaB6 filament can also offer better 

coherency and less energy dispersion. The FEG can give around 100 times more 
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brightness than LaB6 when compared to a thermionic gun, as well as a smaller 

beam spot size, more coherency, and less energy spread, however, a significantly 

higher vacuum level is needed.
48

  

2. Condenser System: Electromagnetic lenses are utilized to focus and shape 

electron beams. They can either magnify or demagnify the picture. There are two 

condenser lenses: the first condenser lens regulates beam size and the second 

controls beam intensity. 

3. Specimen: The sample to be studied is prepared to be very thin. This thin 

section allows the electron beam to pass through the sample with minimal 

scattering and interaction, enabling high-resolution imaging. To maintain the 

specimen, TEM grids should be employed. On the TEM grid, diluted materials 

are drop-casted and dried in vacuum. 

4. Vacuum: A TEM system can only function in a high vacuum. In the air, 

electrons cannot travel much. Less scattering will occur between the electrons 

and the air particles in a suitable vacuum. 

 

Figure 2.11. The basic layout of TEM showing the various parts of the instrument. 
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5. Objective lens and aperture: The objective lens is employed to focus and 

enlarge the object. It is the most significant lens because it creates the specimen's 

initial image and diffraction pattern. The intermediate and project lenses that 

follow further enlarge the image and diffraction pattern. After high 

magnifications, any initial picture or diffraction pattern aberrations will worsen. 

6. Projector lens: The pictures produced by the intermediate lens are enlarged 

even further by the projector lens. The projector lens has a large depth of focus, 

which allows the final pictures to be sharp at a considerable distance along the 

optical axis. The final picture magnification M is expressed as,  

M = MObj × MInt × MProj 

Here, the objective, intermediate, and projector lenses' relative magnifications are 

denoted as MObj, MInt, and MProj. 

7. Imaging: A fluorescence plate receives the transmitted electron beam 

projections, which create a picture of the sample region that was focused for the 

measurement. This plate has a CCD camera positioned beneath it, which records 

the pictures and sends them as micrographs to the computer. This brilliant field 

picture was created solely as a result of transmitted electrons. TEM is now 

utilized for more than just imaging samples; it may also be used for quantitative 

material analysis. Energy dispersive X-ray spectroscopy (EDS) may be used to 

get a quantitative study of the elements contained in the sample and their relative 

proportion. As the high-energy electron beam collides with the sample surface, 

core electrons from the constituent atoms are expelled. To fill the ensuing 

vacancies, electrons from higher energy states are released by the emission of X-

rays unique to the elements found in the sample. A graph of emitted X-rays' 

relative intensity as a function of energy is plotted. Based on the peak intensities 

and a reference sample, quantitative analysis was done. 

JEM-2100 Plus from JEOL with an operating voltage of 200 kV was utilized in this 

thesis to capture the TEM images and gather morphological data for the as-prepared 

NCs. It makes use of LaB6 as the electron gun and enables the achievement of 

extremely high TEM resolution.  
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2.4.5. Mott Schottky (MS) plots 

Mott Schottky (MS) plot is a characterization technique based on Mott-Schottky 

theory and it provide details regarding charge-carrier concentration of semiconductors 

and flat band potential. Moreover, MS plots also describe the type of conductivity (p 

or n-type) of a semiconductor through the obtained slope.
49,50

 If the slope of the MC 

plot is positive then the semiconductor will be n-type and if the slope is negative then 

the semiconductor will be p-type. We have used MS plots to determine the type of 

conductivity of a semiconductor.  

2.5. Steady-state optical studies 

2.5.1. Steady-state absorption spectroscopy (UV-Vis) 

This UV-VIS spectroscopy is widely used to characterize nanomaterials, organic 

compounds and semiconductor QDs. It provides information regarding the electronic 

transitions existing within the material.  

Principle: The interaction of light and matter is the basis for UV-Vis absorption 

spectroscopy. When light is incident on material, it may be absorbed by the molecules 

in it. As a result, the material undergoes an electronic transition from the ground state 

to the higher excited states.
51-53 

In essence, an optical spectrometer provides a 

quantitative measure of a material's absorbance as a function of wavelength. The 

absorption capabilities of the materials are described by Beer-Lambert's law. Beer's 

law states that material absorption (A) is influenced by the concentration (c) of the 

material, whereas Lambert's law states that radiation absorption is influenced by the 

length of the absorption path (l), regardless of the intensity of the incident radiation. 

Now, if I0 is the intensity of the incident radiation and I is the intensity after 

transmission, then the absorbance of the material can be defined as 

A=log (
 𝐼0

𝐼
)=εcl 

Where, ε is the molar absorption coefficient of the material. 

Instrumentation: The absorption spectrometer consists of several key components 

viz light source, monochromator, sample stage, and detector.
54

 The basic optical setup 

of the steady-state absorption spectrometer is displayed in Figure 2.12. UV-Vis 
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absorption spectroscopy uses a stable and broad-spectrum light source. Single Xenon 

lamps may often produce radiations across the UV-Vis range. However, they are 

highly pricey and have stability problems. Therefore, in modern times, tungsten (W) 

or halogen lamps are employed for the visible region together with deuterium arc 

lamps as the UV light source. Next, the monochromator is placed in the path of the 

source light and is responsible for the separation of the different colours. It consists of 

prism or diffraction grating that disperses the incident light into its various 

wavelengths. The light from the monochromator is then split into two beams, one 

passing through the sample solution and the other in a reference sample. The 

reference sample is needed for all measurements and is simply a cuvette filled with 

the same solvent as the one in which the sample is dispersed.  These beams hit a 

detector, which turns the variation in absorption caused by the sample's presence into 

an electrical signal and transmits it to a computer.  

In this present work, we used a Shimadzu-made UV-2600 spectrometer with an 

operating range of 190 nm to 900 nm with two light sources of deuterium and a 

halogen lamp. Data collection in the NIR region was carried out by utilizing a Cary 

5000 UV-VIS-NIR spectrophotometer with an operating range from 175 - 3300 nm. 

Pb `Smart detector has been used to detect long-wavelength absorption, making it an 

ideal tool for material science research. 

 

Figure 2.12. Basic optical setup of steady state absorption spectrometer, showing 

different parts of the instrument. 

2.5.2. Photoluminescence spectroscopy 

The photoluminescence spectroscopy (PL) method is utilized for examining the 

emission of light from materials after they have absorbed photons. After 

electromagnetic radiation has been absorbed, the excited charge carriers inside the 
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material tend to relax and return to the ground state. They then release their energy in 

the form of heat or light, depending on whether they take a radiative or non-radiative 

path. PL spectroscopy is used to analyze these radiative events. The emission usually 

occurs at a longer wavelength (lower energy) than the excited light. This is because 

charge carriers first relax down to the lowest vibrational level of the excited state 

before embracing radiative recombination. It is a crucial instrument for gaining a 

thorough understanding of the energy or charge transfer processes present in a system, 

sample quality and purity, the presence of defect states, particle size, band structure of 

the system, etc.
55

 Photoluminescence is formally divided into two categories 

fluorescence and phosphorescence. Fluorescence occurs fast with the emission of 

photons. The emission rate of fluorescence is of the order of 10
9
 s

-1
 while the emission 

rate of phosphorescence is slow (10
3
-10

0
) s

-1
.
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 PL quantum yield (PLQY) (Φ) is a 

measure that is widely used to assess how successfully a material emits the absorbed 

photons by fluorescence or, on occasion, phosphorescence (Nemitted/Nabsorbed). It is a 

relative measurement of the radiative (kr) and non-radiative emission rate constants 

(knr). Mathematically, it is represented as
57

: 

Φ = 
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
 

PLQY of the sample can be calculated by using the following equation: 

Φ(sample)=
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
x

𝑂𝐷𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒
x

𝜂2(𝑠𝑎𝑚𝑝𝑙𝑒)

𝜂2 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
 x Φ(reference) 

Where, Φ, A, and OD stand for the PLQY, area under the photoluminescence curve, 

and optical density of sample and reference, respectively. η represents the refractive 

indices of respective solvents of the sample and reference.  

Instrumentation: Photoluminescence spectroscopy instrumentation typically consists 

of several basic key components to detect and analyze the emitted light from a 

sample: light source, monochromator, sample assembly, and detector. PL 

spectroscopy setups generally use Xenon lamp since it produces bright, intense white 

light with a broad wavelength range that extends from the UV domain at 230 nm to 

the near-infrared area of the electromagnetic spectrum. This light is first passed 

through an excitation monochromator to select the appropriate wavelengths for 

different excitations (Figure 2.13).  
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Figure 2.13. Optical layout of photoluminescence spectrofluorometer. 

The monochromator uses a combination of rotating diffraction gratings to select the 

centre wavelength that will be transmitted further and slits to decide the bandpass of 

the excitation wavelengths. Afterwards, the sample is exposed to the output beam 

from the excitation monochromator which leads to radiative emission from the 

sample. The emission beam is passed to the emission monochromator which once 

again separates various wavelength components before being directed into the 

detector. A photomultiplier tube (PMT) is typically used as the detector. It translates 

optical changes into electrical signals, which are then sent to the computer. The 

sample emits radiation, and that radiation scatters in all directions. To avoid the 

unnecessary incidence of the high-intensity excitation wavelength on the detector, 

unlike the steady-state absorption apparatus, the detector in the PL spectroscopy setup 

is placed at a 90° angle to the incident beam. For the PL measurements used in this 

research, we deployed an Edinburgh FS5 spectrofluorometer. Its light source is a 150 

W CW Ozone-free xenon arc lamp. This fluorometer enables stimulation of the 

samples at wavelengths between 230 and 1000 nm, and monitoring of the subsequent 

emission between 200 and 870 nm. The emission detector uses a single photon 

counting detection technique and is a Photomultiplier PMT-900 having a spectral 

range of 200 nm to 900 nm. 
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2.6. Techniques to Monitor Ultrafast Processes in 

Semiconductor NCs 

2.6.1. Time-Correlated Single Photon Counting (TCSPC)  

The time-dependent luminescence study presents a crucial method to determine the 

intensity of luminescence as a function of time after the excited state is created.
58,59

 

Time-correlated single photon counting (TCSPC) is a method frequently employed to 

assess the time-dependent luminescence intensity and for measuring the lifetime of a 

fluorophore or luminous sample in its excited state. In the time resolved PL (TRPL) 

experiment, a high repetition rate pulsed laser source is used to excite the samples. 

TCSPC measures the single photon's arrival time with respect to the excitation of a 

reference laser pulse. The start signal is a laser reference pulse, and the stop signal is 

photoluminescence from the sample. The period between the start and stop signals is 

monitored. The time difference between start and stop is recorded as a histogram after 

each measurement is done. For a complete decay curve of the photoluminescence 

lifetime, this measurement is done numerous times. It is crucial that in TCSPC, each 

laser pulse excitation event only counts one photon. In histogram statistics, 

multiphoton events lead to inaccurate results also known as the "pulse pile-up effect". 

Instrumentation: Figure 2.14 displays the schematic for the TCSPC 

spectrophotometer. The setup for TCSPC generally consists of several parts that work 

together to produce excellent temporal resolution and photon counting capabilities. 

The general components used in basic TCSPC setup are an excitation source (pulsed 

laser diode), monochromator, photomultiplier tube (PMT), time-to-amplitude 

converter (TAC), constant fraction discriminator (CFD), multi-channel analyser 

(MCA), a computer-based program for fitting and analyzing data. The temporal delay 

between excitation and emission is measured using specialized electronics. The laser 

pulse from the excitation source is split into two parts; one portion excites the sample, 

while the other portion is sent to a photodiode to provide the electrical signal for CFD. 

CFD processes this signal and precisely calculates the pulse's moment of arrival. This 

signal is sent to a time-to-amplitude converter (TAC), which produces a voltage ramp, 

which is a rise in voltage that occurs linearly over time on the nanosecond timeframe. 

The sample emits photons upon photo-excitation, which are captured at right angles to 
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the excitation source and transmitted via a monochromator before being picked up by 

PMT. The signal from PMT is transmitted to CFD which delivers a signal to 

terminate the voltage ramp after precisely calculating the signal's arrival time. 

Afterward, the signal is sent to TAC which converts the signal to voltage that is 

proportional to the time delay (t) between the excitation and emission A PGA 

(programmable gain amplifier) amplifies the voltage as needed and it is translated into 

numerical value by the analog to digital converter (ADC). The voltage is transformed 

into a digital value, which is then recorded as a single event with the given time delay. 

By repeatedly doing this procedure with a pulsed light source, the histogram is 

generated by MCA. The final result is a plot between counts vs. different delay times. 

 

Figure 2.14. Schematic of the TCSPC spectrophotometer. 

In my thesis, we have used the Deltaflex Modular Fluorescence Lifetime System 

(HORIBA Scientific), spectrofluorometer with a standard 90° arrangement. We have 

used a pulsed laser diode with a wavelength of 402 nm having IRF of 200 ps for 

photoexcitation. 

2.6.2. Pump-Probe Transient Absorption (TA) spectroscopy 

As is well known, charge transfers in semiconductor materials occur in the sub-ps 

time domain. To analyze the precise time scale of the related processes, TCSPC 

having ns time resolution is therefore insufficient.
60 

Moreover, the main drawback of 
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TCSPC is that analysis cannot commence until photoluminescence is present in the 

experimental materials. Therefore, non-radiative processes such as charge carrier 

relaxation, intraband carrier cooling, charge recombination, and charge separation 

cannot be detected using time-resolved PL experiments. Ultrafast TA spectroscopy is 

an effective experimental technique utilized to study the dynamics of such 

photoinduced processes in materials which occur typically in femtoseconds (10
-15

 s) 

to picoseconds (10
-12

 s) range.
61,62 

2.6.3. Principle and origin of various signals in TA data 

In TA spectroscopy, the sample is excited with a pump laser, and the pump-induced 

variations in the absorption are monitored with a broadband probe beam, revealing 

important details regarding the charge carrier relaxation and recombination dynamics. 

The optical delay is maintained between pump and probe pulses either by increasing 

the optical path of the probe beam or by decreasing the path of the pump beam. 

Adjusting the pump-probe time delay and tracking changes in absorbance, give 

information about the dynamics of photophysical processes. The difference between 

the probe light's absorption in the presence and absence of the pump is used to 

examine the change in optical absorption.
63 

 

ΔA =A with pump -A without pump 

The change in optical density can be determined by Beer Lambert‟s law, according to 

which A=log(I0/I) 

Using this, we can rewrite ΔA as: 

A = log [
𝐼0 

𝑝𝑟𝑜𝑏𝑒
(𝜆)

𝐼𝑝𝑟𝑜𝑏𝑒  (𝜆,𝛥𝑡)
] with pump - log [

𝐼0
𝑝𝑟𝑜𝑏𝑒

(𝜆)

𝐼𝑝𝑟𝑜𝑏𝑒(𝜆,𝛥𝑡)
] without pump 

     = log 
[𝐼𝑝𝑟𝑜𝑏𝑒(𝜆)] 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑢𝑚𝑝

[(𝐼𝑝𝑟𝑜𝑏𝑒(𝜆,𝛥𝑡)] 𝑤𝑖𝑡ℎ 𝑝𝑢𝑚𝑝
  

The value of ΔA can be both negative and positive, resulting in negative and positive 

signals in TAS, which are denoted as ground state bleach (GSB) and photoinduced 

absorption (PIA) or excited state absorption (ESA), respectively. When  𝑰𝒑𝒓𝒐𝒃𝒆
(λ) 

(with pump) > 𝑰𝒑𝒓𝒐𝒃𝒆(λ, Δt) (without pump), ΔA will be negative. This is due to the 

existence of ground-state bleach or stimulated emission. If there is ground state 

absorption, a pump pulse will raise the system to a higher energy state and reduce 
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probe absorption in the same transition region. This results in causing the probe to 

transmit an immense amount of intensity to the detector. Stimulated  

 

Figure 2.15. (A) Different types of TA signals; Bleach, SE, and PIA. (B) origin of 

signals. 

Emission occurs when the probe wavelength coincides with the emission spectrum. It 

results in increased intensity of the probe on the detector and consequently negative 

ΔA (Figure 2.15 B). However, ΔA will be positive when 𝑰𝒑𝒓𝒐𝒃𝒆(λ) (with pump) < 

𝑰𝒑𝒓𝒐𝒃𝒆(λ, Δt) (without pump). The positive absorption corresponds to photoinduced 

absorption (PIA) depicted in Figure 2.15A. 

The basic layout of a typical pump-probe setup is shown in Figure 2.16. 

 

Figure 2.16.  Schematic diagram of transient absorption setup.  
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2.6.4. Instrumentation of femtosecond transient absorption 

spectroscopy setup 

The basic experimental setup of femtosecond TAS is comprised of several major 

components. such as the Astrella ultrafast amplifier laser system, an optical 

parametric amplifier (OPA), and a spectrometer. Each of these components will be 

covered in more detail in the following section.   

2.6.4.1. Ti-sapphire oscillator/seed laser: ultra-short pulse 

generation 

Ti-sapphire oscillator also known as seed laser is a tunable solid-state laser that 

consists of Ti
3+

ions doped sapphire (Al2O3) crystals which act as gain medium. Before 

now, most ultrafast lasers were built using an organic dye gain medium. However, as 

opposed to these dye lasers Ti-sapphire laser can withstand much higher pump 

outputs, better thermal conductivity, broad emission spectra, and large bandwidth. Ti-

doped sapphire has emerged as a versatile gain medium for producing and amplifying 

ultrashort pulses. The basic layout of the oscillator is displayed in Figure 2.17. Ti-

sapphire crystal has been excited at 532 nm wavelength with continuous wave (CW) 

diode pumped solid state (DPSS) laser having a high power of 5W. The pump laser 

used to excite Ti-sapphire crystal is a Neodymium doped yttrium aluminum garnet 

(Nd: YAG) laser.  The Ti-sapphire gain medium is positioned inside a cavity 

(between two or more mirrors) where the laser may be confined for an appropriate 

amount of time to generate ultrashort laser pulses. ‘fs‟ or „ps‟ pulses are created using 

the Kerr lens mode-locking approach. A highly intense laser beam changes the 

medium‟s refractive index nonlinearly as it passes through a non-linear material (here, 

Ti-sapphire). The Kerr effect indicates that change in the refractive index of the 

medium can be expressed as, 

n(ω) = n0(ω) + n2(ω) I(r) 

Here, n0(ω) is the linear index of the medium. n2(ω) is the non-linear refractive index 

which determines the extent of coupling between the electric field and the refractive 

index.   
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When a laser beam pass through the laser cavity as a Gaussian distribution, the 

intensity of beam can be expressed as, 

(𝑟) = exp(-𝑔𝑟2
) 

Where, r is the distance from the centre of the beam, and g is the shape factor. 

This suggests that the refractive index varies with laser beam intensity and is highest 

in the centre as opposed to the sides. This results in the self-focussing of the beam 

also called the Kerr effect. The higher-intensity portion of the beam is transmitted 

easily as compared to lower lower-intensity part. The CW mode is unstable because 

of this power-dependent loss. This method of creating a pulsed laser is also known as 

"Kerr lens mode-locking" or "Self-mode-locking" due to the medium's involvement in 

the focusing procedure. As the laser beam undergoes Group velocity dispersion 

(GVD) while passing repeatedly through the cavity, it is eliminated by putting two 

prisms inside the cavity.  

In the present thesis, the “Astrella Ultrafast Laser system” is utilized. A Ti-sapphire 

oscillator (Vitara-T) is employed to generate „fs‟ laser pulses. A CW DPSS laser 

(Verdi-G series) with an average power of 5 W is used to pump the gain medium. 

This green laser is produced by pumping a Nd-YAG crystal with a diode laser (808 

nm). The oscillator generates laser pulses with an average power of 500 mW, 800 nm 

wavelength, and a repetition rate of 80 MHz every 20 fs. The multipass amplifier 

system will further amplify this output, also referred to as the "Seed laser." 

 

Figure 2.17. The basic layout of femtosecond Ti-sapphire oscillator for generation of 

ultrashort laser pulses. 
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2.6.4.2. Ti-Sapphire amplifier 

We require strong ultrafast laser pulses for both practical applications and numerous 

scientific studies. The Ti: Sapphire laser's pulse is not powerful enough to excite the 

material for the pump-probe experiment. Regenerative amplifiers are typically used to 

amplify low energy output pulse from the oscillator and reduce their repetition rate 

from MHz to KHz. The Neodymium doped Yttrium Lithium Fluoride (Nd: YLF) 

diode laser, has been used to pump the regenerative amplifier. The Ti-sapphire 

amplifier system consists of several components including pulse stretcher, Ti sapphire 

amplifier, and synchronization electronics.  

2.6.4.3. Pulse stretcher 

A pulse stretcher is employed to temporally stretch the femtosecond pulse from seed 

laser to picosecond pulses, thus reducing the intensity of the pulses. It is very crucial to 

stretch the beam since the peak power of pulses from the seed laser are extremely high 

which can destroy the optics of the regenerative amplifier. The principle of the pulse 

stretcher is shown in Figure 2.18. It works on the chirped pulse amplification technique 

(CPA). It is comprised of plane mirrors, spherical mirrors, and diffraction grating.   

When the seed pulse passes through the stretcher, the longer and shorter wavelengths 

of the seed pulse are sent in different directions and at varied diffraction angles by the 

stretcher's diffraction grating. The architecture makes it possible for shorter 

wavelengths to travel more distance as compared to larger ones. As a result, the 

longer wavelength beams exit the stretcher faster as compared to shorter ones, thereby 

stretching the pulse. The vertical retroreflector transmits the beam back to the 

stretcher four times, allowing for the spatial reconstruction of the beam. 

 

Figure 2.18. Schematic illustration of femtosecond pulse stretcher. 
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2.6.4.4. Pulse picker 

The pulse picker receives the stretched pulses and lowers the repetition rate from 80–

90 MHz to 1KHz. It picks only one pulse from a train of stretched pulses and directs it 

to the Ti-sapphire cavity. And blocks the other pulses to direct in the amplification 

system. Pulse picker utilizes the electro-optical pockel cell effect. The pulse picker is 

comprised of polariser and pockel cells. Horizontally stretched pulses are picked up 

by the pulse picker and dumped when there is no voltage provided to the pockel cell. 

However, when voltage is applied, the pulses' polarisation changes to vertical, 

allowing them to pass through the polarizer and be used for further amplification. 

Two pockel cells are situated in our system, acting as quarter-wave plates (causing a 

shift in the polarisation of λ/4) when a voltage is applied. For seed pulse trains to 

achieve the necessary amplification, these pockel cells serve as the entry and exit 

gates. To ensure that just the necessary pulses are selected from the whole pulse train 

and amplified further, synchronization electronics are in place to regulate the 

application of voltage to the pockel cells. The Synchronisation and Delay Generator 

(SDG) Elite unit manages these electronics. This regulates the applied voltage to 

maintain the right delay between the pockel cells. 

2.6.4.5. Pump laser 

Pump laser is used to establish the population inversion of the gain medium and this is 

obtained from revolution. The pump laser is diode diode-pumped Q-switched 

Neodymium doped Yttrium Lithium Fluoride (Nd: YLF) laser having the output of 

527 nm wavelength with a repetition rate of 1kHz.     

2.6.4.6. Ti-sapphire amplifier: Regenerative amplifier 

The pulses chosen by the pulse picker are then injected into the Ti
3+

: Sapphire cavity, 

which acts as the gain medium for the Regenerative Amplifier and amplifies the 

injected pulse by many orders (amplification factor > 10
6
) by making several round 

trips in the laser cavity. The outline of the Ti-sapphire amplifier is described in 

Figure 2.19. The typical amplifier consists of a quarter wave plate, two pockel cells, 

mirrors, and a polarizer. Seed pulses reach the regenerative amplifier once the pulse 

has stretched from femtoseconds to picoseconds, and the Pockels cell (PC 1) then 
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selects the pulses. The pump laser achieves the population inversion. The seed laser 

and the pump laser are both focused on the same spot of the crystal. When the seed 

pulse passes through the gain medium (Ti: sapphire crystal), which is controlled by 

PC1, it is trapped inside the amplifier and amplified each time. To obtain more 

energy, the seed pulse passes through the gain medium between 15 and 20 times. 

When the energy increase over the seed pulse is 10
6
 times greater, the amplified 

pulses are extracted from the cavity for the pump-probe femtosecond experiment (by 

modulating the PC2). The number of passes is dependent on the round-trip time 

between the mirrors (M1, M2), and maximal gain and energy are attained after a 

specific round-trip duration. Here, a quarter wave plate (λ/4) converts the linear 

polarisation to circular polarisation. At Brewster's angle, the polarizer reflects light 

polarisation parallel to the plane and transmits it parallel to the plane of reflection. 

Depending on the voltage used, the Pockels cells act as a fourth (λ/4) or half (λ/2) 

wave plate. 

 

Figure 2.19. Schematic representation of Ti-sapphire amplifier. 

2.6.4.7. Pulse compressor 

It is used to compress the amplified stretched pulse back to the femtosecond pulse. 

The basic outline of the femtosecond pump compressor is shown in Figure 2.20. The 

compressor is made up of two gratings arranged so that the longer wavelength 

components must travel farther than the shorter wavelength components. Its working 

is opposite to that of a pulse stretcher. After compression, the main laser then releases 



Chapter 2 

76 | P a g e  

its compressed fs laser pulses, which are utilized in pump-probe spectroscopy. Our 

primary laser setup generates 800-nm laser pulses with a pulse width of around 50 fs, 

a repetition rate of about 1 kHz, and an energy of about 5 mJ per pulse. 

 

Figure 2.20. Optical layout of pulse compressor. 

2.7. Optical Parametric Amplifier (OPA) 

The beam splitter (65:35) divides the output pulse from the main laser into two 

components.  

 

Figure 2.21. The basic outline of an OPERA-SOLO setup. 
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The higher and lower energy beams are referred to as pump and probe beams. The 

wavelength of pump beam can be tuned to the desired wavelength using an optical 

parametric amplifier (OPA). The overall layout of OERA-SOLO (OPA set-up) is 

illustrated in Figure 2.21. The orientation of certain optics has been controlled by 

rotation and translational stages which are operated using a computer. After entering 

OPA, the pump is incident on a beam splitter which divides it into two components 

having energy in the ratio 20:80. The low energy component is directed to sapphire 

which produces a white light continuum (WLC). This white light component along 

with another portion of the transmitted beam from BS1 passes through the non-linear 

crystal (NC1) where they overlap non-collinearly. This leads to the generation of 

signal and idler beams. The wavelength of the signal beam can be tuned by adjusting 

the delay between the WLC and pump beam as well as the angle of the non-linear 

crystal. According to the law of conservation of energy, the frequency of signal and 

idler beams can be related as: 

𝝎𝒑 = 𝝎𝒔 + 𝝎𝒊 

The idler beam and residual pump are blocked by a beam blocker and only the signal 

beam is allowed to pass through. This signal beam and the remaining component of 

the pump beam overlap inside another non-linear crystal (NC2) which results in 

another signal and idler beams. These signal and idler beams are separated using 

dichroic mirrors which are then finally collected at the output port of OPERA-SOLO. 

The frequency mixture can tune the wavelength from UV to NIR range according to 

the requirement via second harmonics generation, sum frequency generation (SFG), 

and difference frequency generation (DFG). Second harmonics and SFG are produced 

by Type-1 phase matching non-linear Barium Borate (BBO) crystal. These mixtures 

are controlled by a computer. The output of the mixtures is directed to wavelength 

selectors (WSM) which are employed to select the desired frequency.        

In my thesis, we have used "OPERA SOLO" from "Light Conversion" to create 

tuneable wavelengths between 280 to 2600 nm. The apparatus employs computer-

based translational and rotational stages to accurately calibrate the output wavelength 

available at the exit end of OPERA SOLO.  
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2.8. Transient Absorption Spectrometer 

In this dissertation, the TA spectrometer utilized is Helios Fire from Ultrafast 

Systems. The beam from the main laser having 800 nm wavelength has been divided 

into pump and probe beams with the help of a beam splitter. The block diagram of the 

transient absorption spectrometer is depicted in Figure 2.22. The Helios Fire system 

is made up of several crucial components, including a pump chopper, delay stage, 

crystals for generating white light, detector, etc. The probe beam from the main laser 

is fed to the spectrometer directly using an assembly of mirrors whereas the pump 

beam is directed to the chopper which is operated at 500 Hz to block each alternate 

pump pulse. The probe beam is passed through the delay stage which consists of a 

retroreflector and mirrors inside the spectrometer. This delayed probe pulse is directed 

at the proper crystals to create white light continuums with a variety of wavelengths. 

CaF2 crystal is used to generate the probe light in the UV region, Sapphire is used to 

generate the probe light in the visible range, and Yttrium Aluminium Garnet (YAG) 

crystal is utilized to generate the probe light in the NIR region. The crystal stage is 

linked with the computer and the probing region can be selected from the software. 

Two detectors are housed in the setup: a complementary metal-oxide semiconductor 

(CMOS) sensor and an InGaAs sensor for UV/Vis and NIR detection, respectively. 

The range of UV, VIS, and NIR regions are 350-650 nm, 450-800 nm, and 800-1600 

nm, respectively. The instrument response function (IRF) of the instrument is 

typically ~ 100 fs. White light goes through a filter and is focused on the sample. To 

achieve spatial overlap, the pump beam is focused at the same location on the sample 

as the probe. After passing through the sample, the pump is blocked whereas the 

probe is directed to the detector which is connected to a computer system. The data 

can be collected from Helios Fire software and analyzed using the Surface Explorer 

software. 
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Figure 2.22. Optical layout of the Helios Fire transient absorption spectrometer. 

2.9. Surface XplorerTM software 

The TA fitting was conducted using the Surface Explorer software which is based on 

LabVIEWTM. This software provides all the fitting parameters, including both the 

time constants and their corresponding weights. The fitting operation uses the 

following function which allows us to fit a kinetic trace for the selected wavelength 

with a sum of convoluted exponentials: 

S(t) = 𝑒
−(

𝑡−𝑡𝑝

𝑡𝑝
)2

*∑ 𝐴𝑖𝑖 𝑒(𝑡−𝑡0 𝑡𝑝⁄  

𝑡𝑝=IRF/2.𝑙𝑛2 

Here, IRF is the width of the instrument response function (full-width half maximum), 

t0 is the time zero, Ai, and ti are amplitudes and decay times respectively, * is the 

convolution function.  
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Abstract 

Chalcogenide-based type II heterojunctions are considered to be a promising 

candidate for optoelectronic device fabrication such as in solar cells, photodetectors, 

and light-emitting diodes. Type-II heterosystems effectively help in the delocalization 

of charge carriers owing to facile band arrangements, preventing the recombination of 

photogenerated carriers resulting in improved photovoltaic efficiency. Herein, we 

report the synthesis of CZTS nanoparticles and CdS quantum dots using a facile and 

low-cost hot-injection method followed by fabrication of CZTS, CdS, and CZTS/CdS 

heterojunction thin films with the help of a spin-coating technique at room 

temperature. We demonstrated through a combination of steady-state 

photoluminescence and femtosecond pump−probe spectroscopy experiments that a 

type-II, staggered band alignment of a CZTS/CdS junction is encouraging for charge 

carrier transport. We monitored the ultrafast charge carrier dynamics in the junction 

and confirmed the efficient separation of photoexcited charge carriers in the 

CZTS/CdS heterojunction. In the CZTS/CdS heterojunction, the photoexcited 

electrons are transferred from CZTS to CdS, which resulted in a drastic increment of 

the bleach signal intensity compared to that of bare CdS. Similarly, the photoexcited 

holes are transferred from CdS to CZTS, monitored by steady-state and time-resolved 

spectroscopy. A slower bleach recovery confirms the spatial charge separation at the 

interface of the CZTS/CdS heterojunction, placing electrons and holes at CdS and 

CZTS, respectively. The controlled introduction of charge carriers and charge 

separation dynamics in the heterointerface reported here provides a promising 

approach toward designing CZTS-based solar cells and will open up new avenues for 

developing more efficient Cu chalcogenide-based photovoltaic and photocatalytic 

devices. 
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3.1. Introduction 
Development of more and more renewable energy sources could be the possible way 

for the upcoming energy crisis on the world's doorstep, in order to counter the scarcity 

of regular non-renewable (fossil fuel) energy sources in the near future 
1
 Amongst 

those, solar energy-based optical devices could be the most intriguing option where 

the sun‟s energy is directly converted into electricity as well as catalyzing crucial 

chemical reactions.
2,3

 Photovoltaics and photo-catalysis based on heterojunctions have 

enjoyed overwhelming attention in recent years, where the charge carriers at the 

hetero-interface play a crucial role.
4-6

 The fate of the photo-excited charge carriers 

dictates the performances of the devices, which need to be extracted before they 

recombine in order to get better device efficiency. Various techniques have been 

adopted to efficiently separate the photogenerated electron–hole pairs in 

semiconductor materials through doping with metal or making heterojunctions. 

Amongst different other materials Cu-based chalcogenide systems have been a 

standout as potential photocathode due to their outstanding photovoltaic 

performances, preferable band positions, and cost effectivity.
7-9

 Also, having ~30% 

theoretical upper limit for the solar energy conversion efficiency (Shockley-Queisser 

efficiency) in a p-n junction makes these materials exquisite for solar cell 

applications.
10

 Currently copper Indium Gallium Selenide (CIGS) is dominating the 

thin-film solar cell market, although its prospect is limited by a low abundance of 

indium in the earth's crust. In this scenario, copper zinc tin sulfide (CZTS) is 

emerging as a potential photovoltaic material
11

 riding on its excellent earth 

abundance,
3
 non-toxicity, direct bandgap (1.5 eV),

12
 high absorption coefficient (10

4 

cm
-1

),
13,14

 and high carrier mobility. Among different heterostructures, CZTS and 

cadmium sulfide (CdS) is the most studied heterojunction where narrow bandgap 

CZTS forms a staggered type II band alignment with wide bandgap CdS.
15

 Plenty of 

articles are being reported worldwide regarding CZTS thin-film solar cell using CdS 

buffer layer for extracting electrons.
16

 Mitzi et al. reported the maximum conversion 

efficiency of 12.6% for CZTSSe thin-film-based solar cells in 2013.
17

 Several recent 

pieces of literature are available on CZTS/CdS heterojunction based photocatalysts,
18

 

and solar cells.
14,19

 The performance of any optoelectronic device largely depends on 

the behaviour of its photo-excited charge carriers. For the betterment of the efficiency 

of the heterojunction-based optoelectronic devices, a clear understanding of photo-

physics involved at the interface is foremost important and needs to be explored in 
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detail before the fabrication of the device. In order to attain the theoretical Shockley-

Queisser limit, the excessive energy carried by the hot carriers upon photo-excitation 

above-band-gap needs to be harvested, and in this way, the energy losses can be 

minimized.
20,21

 An efficient way of eliminating energy losses is the extraction of the 

carriers while they are still hot before they dissipate their energy through various 

processes. Transient absorption spectroscopy is a unique technique for studying 

optically excited materials (be it a pristine system or a heterojunction) monitoring 

non-radiative relaxation processes of the hot carriers occurring in an ultrafast time 

scale, which are crucial in determining their optoelectronic behaviours. According to 

the study by Courel et al.,
22

 the CdS/CZTS interface recombination is introduced as 

the most important loss mechanism and it is measurably responsible for carrier 

trapping. Although CZTS is the most-studied material in the quaternary chalcogenides 

system, there is still a lack of detailed knowledge about charge carrier dynamics in 

CZTS/CdS heterojunction, which is critical for further progress in device fabrication. 

This collected evidence motivates us to investigate ultrafast charge carrier dynamics 

of CZTS/CdS heterojunction for photovoltaic devices and photocatalytic applications. 

 In this chapter, we present a detailed study of charge carrier dynamics at the 

interface of CZTS/CdS heterojunction with the help of femtosecond transient 

absorption spectroscopy. High-quality CZTS NPs and CdS QDs were prepared by the 

facile and low-cost hot injection method. The CZTS, CdS, and CZTS/CdS 

heterojunction thin films were fabricated by spin coating technique on glass at room 

temperature. We observed efficient electron transfer from photo-excited CZTS to CdS 

region and hole transfer from CdS to CZTS in the heterojunction after optical light 

irradiation. This understanding of photo-excited behaviours of hot carriers at an 

interface would help in improving device performance in CZTS-based heterojunctions. 

3.2. Results and Discussion 

3.2.1. Structural characterization  

This work primarily aims to explore the native transient behavior of photoexcited 

charge carriers in a heterojunction, consisting of p-type Cu chalcogenides quaternary 

CZTS, and n-type binary CdS-based materials. The CZTS NPs and CdS QDs were 

synthesized by hot injection method and were characterized by powder X-ray 

diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM), and 
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UV−VIS−NIR absorption spectroscopy. XRD patterns of synthesized CZTS NPs and 

CdS QDs are shown in Figures 3.1(A) and 3.1(B), respectively. CZTS diffraction 

peaks at 2θ ~ 28.5°, 33°, 39.6°, 47.5°, 56.2°, 69.1° and 76.3° corresponds to (112), 

(200), (220), (312), (008) and (332) diffraction planes assigned to tetragonal structure 

of kesterite phase of CZTS which exactly matched with the database in the standard 

JCPDS data file (JCPDS # 26-0575).
26

 The featured intense peaks indicate good 

crystallinity and the results are in agreement with earlier reports.
27

 Figure 3.1(B) 

represents diffraction patterns of CdS with standard JCPDS lines indicated below in 

the figure. The XRD peaks of CdS QDs at 2θ  ̴ 26.1°, 43.8°, 51.4°, 70.7°corresponds 

to (111), (220), (311) and (331) diffraction planes, which confirm the formation of 

zinc blend structure of CdS (JCPDS # 00-001-0647).
28

 From Scherrer‟s equation, the 

particle sizes of CZTS and CdS NCs were found to be about 11 nm and 4 nm, 

respectively, which were further confirmed by high-resolution transmission electron 

microscopy (HR-TEM) measurements. TEM and HR-TEM images of CZTS and CdS 

are displayed in Figures 3.1(C) and 3.1(D). TEM images of CZTS NPs exhibit 

spherical morphology with an average size of ~11 nm. 

 

Figure 3.1. XRD patterns of (A) CZTS NPs, JCPDS lines show tetragonal structure 

of kesterite CZTS; (B) CdS QDs, JCPDS lines show zinc blend structure of CdS; (C) 

HR-TEM images of (a-c) CZTS NPs and (d) SAED pattern of corresponding CZTS 

NPs and (D) HRTEM images (a-c) of CdS QDs and (d) SAED pattern of 

corresponding CdS QDs. 
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HRTEM image clearly indicates that the nanoparticles are single-crystalline and the 

lattice fringe of 0.31 nm matches well with the (112) plane of CZTS. Further, the 

TEM image of CdS exhibits uniform spherical morphology with an average diameter 

of ~ 4 nm. HRTEM image indicates the d spacing of 0.34 nm corresponds to the (111) 

plane of CdS. Figure 3.1Cd and Figure 3.1Dd represent the SAED patterns of CZTS 

NPs and CdS QDs respectively. The presence of concentric rings as shown in the 

figures stands out for the high crystallinity of the material systems. 

3.2.2. Optical studies   

 The optical properties of CZTS NPs and CdS QDs have been monitored by 

using UV-VIS absorption spectroscopy and are shown in Figure 3.2. CZTS NCs 

exhibit a broad absorption band in the UV-Vis region ranging from 300 to 800 nm. 

The optical bandgap of CZTS is calculated to be 1.7eV by extrapolating (αhν)
2 

versus 

hν plot (Inset: Figure 3.2A). The obtained band gap is larger than the reported bulk 

bandgap of 1.5 eV in the literature due to the decrease in the size of the CZTS 

particles.
29

 Figure 3.2Bb shows the steady state optical absorption spectrum of CdS 

QDs representing two distinct absorption bands peaking at 433 and 409 nm, which 

can be attributed to 1S3/2 (h)-1S(e) [1S] and 1S1/2 (h)-1S(e) [2S] transitions
30

 

respectively. The CdS NCs exhibit discrete transitions arising due to a strong quantum 

confinement effect because of their smaller particle size (~4 nm) compared to the 

corresponding exciton Bohr diameter of about 5 nm.
31

 Figure 3.2Bc shows the 

photoluminescence spectra of CdS QD solution in chloroform. 

 

Figure 3.2. (A) Steady-state optical absorption spectra of (a) CZTS NPs and tauc plot 

(inset), (B) Steady-state (b) optical absorption, and (c) corresponding photoluminescence 

(PL) spectra of CdS QD, (d) Time-resolved PL decay trace of CdS QD after exciting 

sample at 402 nm and monitoring at 445 nm (inset).  
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The PL spectrum of CdS QDs shows a sharp emission peak at 445 nm which can be 

attributed to recombination due to photo-excited band-edge electrons and holes. 

Time-resolved luminescence studies have been carried out for CdS QDs and are 

shown in Figure 3.2B inset. The decay is monitored at 445 nm after exciting the 

sample at a 402 nm laser pulse. The average photoluminescence lifetime of CdS QDs 

was determined to be 18 ns. Now to investigate interfacial charge carrier dynamics 

between CZTS NPs and CdS QDs, CZTS, CdS, and CZTS/CdS heterojunction thin 

films were fabricated on top of glass substrate employing spin coating method and 

then optical studies were carried out in order to characterize these. The absorption 

spectra of CZTS, CdS, and CZTS/CdS thin film samples are shown in Figure 3.3A. 

The absorption spectrum of CZTS film shows broad absorption spectra in the entire 

visible region. In the case of CdS, the first absorption peak at 433 nm can be 

attributed to 1S excitonic peak and the second absorption peak at 405 nm can be 

attributed to 2S excitonic peak as discussed for solution case. We have also carried 

out photoluminescence studies of the thin film samples, particularly in CdS and 

CZTS/CdS thin films as shown in Figure 3.3B.  

 

Figure 3.3. (A) Steady-state optical absorption spectra of (a) CZTS film (b) CdS film 

(c) CZTS/CdS film, (B) Photoluminescence (PL) spectra of (d) CdS film (e) 

CZTS/CdS film; Inset: Time-resolved PL decay trace of (f) CdS film and (g) 

CZTS/CdS film after monitoring at 455 nm and exciting at 402 nm. 

CdS thin film exhibits a luminescence band in the range of 420-480 nm peaking 

around 455 nm, whereas, this luminescence band is completely quenched in 

CZTS/CdS heterojunction thin film. From the staggered type II band alignment of 

CZTS and CdS
32

 it can be considered that the PL signal is vanishing due to the 

migration of holes from valence band CdS to CZTS valance band as shown in 
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Scheme 3.1. To elucidate the hole transfer process, we have carried out time-resolved 

emission studies of CdS and CZTS/CdS thin films on monitoring photoluminescence 

decay trace at 455 nm after exciting at 402 nm laser light and displayed in Figure 

3.3B inset. The average PL lifetime of CdS thin film in the absence and in the 

presence of CZTS was found to be 14.6 ns and 2.3 ns. This decrement of 

luminescence lifetime can be attributed to the hole transfer process in CZTS/CdS 

heterojunction. The hole transfer (HT) rate constant can be calculated by employing 

the following expression,  

kHT =1/τCZTS/CdS– 1/τCdS  (1) 

where τCZTS/CdS and τCdS denotes the luminescence lifetime of a particular system. 

Using the average lifetime values of 14.6 ns (CdS) and 2.3 ns (CZTS/CdS) the hole 

transfer rate constant can be determined to be 0.366 x 10
9 

sec
-1

.  

3.2.3. Ultrafast transient absorption studies 

 In this work, ultrafast dynamics of photoexcited charge carrier at the interface 

of CZTS/CdS heterojunction were monitored after comparing the ultrafast charge 

carrier dynamics of pristine CZTS and CdS thin films by femtosecond transient 

absorption spectroscopy. The samples were excited with a 350 nm pump pulse with 

200 μJ/cm
2
 laser fluence and the photo-induced changes were probed in the UV-vis 

region. Experimental conditions were kept the same throughout the analysis.  

 

Figure 3.4. (A) Transient absorption spectra of CZTS thin film at different probe 

delays following photo-excitation of 350 nm laser pulse with 200 μJ/cm
2
 laser 

fluence; and (B) Transient decay kinetics of photo-induced absorption signal, 

monitored at 580nm (I: Ultrafast trapping of photo-excited carriers, II and III: Trap 

mediated slow recombination).  
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 In Figure 3.4A, we presented the transient absorption (TA) spectra of CZTS 

thin film in the region (440 – 680 nm) as a function of different probe delay, 

exhibiting a broad positive absorption band in the entire spectral region with a peak 

around 580 nm. Interestingly, we did not observe any photoinduced bleach signal in 

any of the probing regions of our transient spectra. We suspect poor quantum 

confinement (NC size: 11nm, Bohr radius of CZTS: 2.5-3.3 nm)
26

 and large density of 

trap states in CZTS favors photoinduced absorption over ground state bleach in the 

system. Although Pundsack et al. reported that CZTS NCs produce positive signals 

even in a strongly confined atmosphere
33

. Also in our recent study on CZTS 

nanocrystals, we observed a similar positive absorption band in the transient 

absorption spectrum after exciting the samples at 420 nm.
34

 One may assume from 

these results that, the intrinsic high density of states in CZTS energy bands would 

solely be responsible for the observed photoinduced absorption signal in transient 

experiments, screening the ground state bleach feature. The temporal evolution of this 

transient absorption signal is monitored at 580 nm and represented in Figure 3.4B. 

The growth of the signal is very fast (< 100 fs) so we failed to extract precise growth 

time components, owing to our experimental limitations. However, the transient 

decay kinetics can be fitted with three exponential fitting parameters, with time 

constants being τ1=0.23 ps (76.4%), τ2=2.3 ps (14.5%), τ3= >1ns (9.1%) (also listed in 

Table 3.1). It is observed that the majority of the photo-induced absorption signal 

depletes at a very fast rate. We ascribe the fast time constant τ1 to the fast-trapping 

process of the conduction band electrons, due to its negligible dependence on 

excitonic pump fluence (Figure 3.5), which rules out the possibility of auger type 

recombination process. We observed that with increasing laser fluence, transient 

signal intensity increases, but the time components remain almost unchanged 

throughout the fluence range as represented in Table 3.2. This abrupt trap-mediated 

decay of transient signal indicates the presence of localized deep trap states in the 

band gap region of the system. Hereafter, the sluggish recombination of trapped 

carriers would be responsible for the slower decay dynamics of the transient signal. 
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Figure 3.5. Fluence-dependent transient absorption kinetics of CZTS thin film on 

glass substrate after probing at wavelength 580 nm and exciting at 350 nm laser light. 

Laser power varied from 100 μJ/cm
2
 – 700 μJ/cm

2
.  

 As shown in Figure 3.6 (A), we have discussed the TA spectra of pristine CdS 

film at different time delays after exciting the sample at 350 nm. The CdS transient 

spectra consist of bleach at 432 nm along with a 412 nm hump, which was attributed 

to the formation of band edge exciton {1S, 1S3/2(h)-1S (e)} and hot exciton {2S, 

1S1/2(h)-1S(e)} in the CdS system, as discussed in the steady state absorption spectra 

(Figure 3.3Ab) earlier. Also, we observed a weak photo-induced absorption signal in 

the blue region of the spectra and a sharp bi-excitonic peak
35

 at the red side of band-

edge bleach. The TA spectra at an early time scale (Δτ ~ 120 fs) match with the 

second-order derivative of steady-state optical absorption spectra as presented in 

Figure 3.7. This clearly indicates that the derivative-like feature at longer wavelength 

of band edge bleach in the TA spectra can be attributed to a biexciton induced stark 

effect. The bi-exciton signal detected here is probe-induced induced, emerges due to 

the Coulombic interaction between the hot exciton generated by the pump pulse and 

the band edge exciton generated by the probe pulse as reported in the literature.
30,36

 In 

our earlier investigations we have detected similar bi-excitonic features for CuIS2 and 

AgIS2 NCs
37-39

 on the red side of the bleach maxima. Figure 3.6B represents the 

dynamic profiles of the band edge exciton and the biexciton feature is monitored at 

432 nm and 457 nm respectively, and is fitted multi-exponentially. 
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Figure 3.6. (A) Transient absorption spectra of CdS thin film at different probe 

delays, following photo-excitation of 350 nm laser pulse with 200 μJ/cm
2
 laser 

fluence, and (B) Transient decay kinetics at (a) 432 nm (Band edge exciton) and (b) 

457 nm (Bi-exciton).  

 

 The excitonic bleach signal rise with single exponential pulse-width (<100 fs) 

limited growth time scale and decay with time components of τ1= 3 ps (46.6%), 

τ2=130 ps (14.6%), and τ3= 1 ns (38.8%) as shown in Table 3.1. This ultrafast growth 

at the excitonic bleach position indicates fast cooling of electrons from higher 

excitonic states to the band-edge position within the conduction band of CdS QDs. 

The bleach recovery time comprises all the processes through which the system 

returns to its original ground state. The faster recovery time constant is due to the 

trapping processes of photo-excited charge carriers while the slower time components 

correspond to the long-lived states which may be due to radiative charge 

recombination or relaxation through a series of non-radiative channels.
40

 The 457 nm 

signal represents a characteristic dynamic profile of a bi-exciton, undergoes fast auger 

decay to produce its excitonic form followed by an excitonic decay process. The 

excitonic signal is very poor and gets trapped easily in the thin film. 
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Figure 3.7. Second order derivative of steady-state absorption of (A) CdS thin film 

(B) CZTS/CdS hetero-junction film. Early time TA spectra of (C) CdS (120 fs) thin 

film and of (D) CZTS-CdS hetero-junction (100 fs), which match well with the 

second order derivative of steady state optical absorption spectra (A and B) 

respectively. This observation clearly indicates the presence of a biexciton-induced 

stark effect in the TA spectra. 

 Our main aim of the present investigation is to study photo-excited charge 

carrier dynamics in the CZTS/CdS interface following photo-excitation using a 

femtosecond laser pulse. Figure 3.8A represents the transient absorption spectra at 

different time delays in CZTS/CdS heterojunction film keeping similar experimental 

conditions as that of CZTS film (Figure 3.4A) and CdS film (Figure 3.6A). 
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Figure 3.8. (A) Transient absorption spectra of CZTS/CdS heterojunction film, 

following 350 nm photo-excitation, with 200 μJ/cm
2
 laser fluence; (inset: Enlarged 

photoinduced absorption signature of CZTS in the red region of the spectra in 

heterojunction film); (B) Transient decay profiles of CZTS photoinduced absorption 

signal in absence and presence of CdS; (C) Formation and recovery dynamics of band 

edge bleach signal for CdS thin film and CZTS/CdS thin film probing at 432 and 434 

nm respectively; Dotted lines represent enhancement of CdS exciton growth time in 

presence of CZTS in the hetero-junction film; and (D) Bi-exciton dynamics in pure 

CdS and CZTS/CdS, normalizing with respect to their excitonic bleach intensity.  

 The transient spectra of the hetero-junction film comprise of both CdS and 

CZTS signatures as observed in their respective pristine cases. However, interestingly 

the intensity of both the bleach signal and bi-exciton signal for CdS film considerably 

increases. On the contrary the depletion of CZTS photoinduced absorption was 

observed in the hetero-junction film as compared to that of pristine CZTS film. As all 

the experimental conditions are kept similar, one may interpret that enhancement of 

the CdS signal in hetero-junction film is due to the influence of photoexcited CZTS. 

We have already discussed photo-excited hole transfer from CdS to CZTS 
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corroborating the quenching of steady-state photoluminescence of CdS in the 

presence of CZTS. Although possessing a much lower effective mass of electrons
41

 

and superior degeneracy of hole states
42

 in CdS NCs allow these negative charge 

carriers to be the dominant character for the transient bleach signal. So, the transient 

signals are mostly affected by the separation of photo-excited electrons in the system. 

Type II band alignment of CZTS and CdS proposes electron transfer from CZTS to 

CdS and justifies the increase in signal intensity of both transient bleach and bi-

exciton in the hetero-junction film as shown in Figure 3.8A and Scheme 3.1. The 

photoinduced absorption of CZTS is decreased almost two times in the 

heterojunction, as presented in Figure 3.8B.  In fact, the fast-trapping process of 

CZTS is almost absent in the presence of CdS (Figure 3.8B). 

Scheme 3.1. Simplified schematic illustrations of the relaxation pathway of photo-

excited charge carriers in CZTS/CdS heterojunction after 350 nm pump irradiation. 

The energy diagrams are loosely adapted from previously reported literature.
33,34

 

Here, the crossed processes represent the minimal probability of that particular 

relaxation pathway in the case of heterojunction, compared to their pristine cases. CR 

represents charge recombination. 
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 This observation also confirms the migration of photoinduced hot electrons 

from CZTS to CdS in the hetero-junction. Now photo-induced bleach signal in the 

CdS domain in the heterojunction film directly correlates with the modified electron 

population in the conduction band edge of CdS. The comparative bleach kinetic 

profiles of CdS and CZTS/CdS are displayed in Figure 3.8C, where the growth time 

of bleach (140 fs) is found to be slower in the presence of CZTS as compared to bare 

CdS, which is pulse width limited. This observation clearly suggests that the electron 

cooling is slower in the case of the CZTS/CdS system and indicates enhanced electron 

population in the conduction band edge, validating our earlier electron transfer 

assumption 

Table 3.1. Kinetics fitting parameters at different key wavelengths for CZTS, CdS 

thin films, and CZTS/CdS heterojunction after exciting the samples at 350 nm. 

System 

Probe 

wavelength 

(nm) 

τgrowth τ1 τ2 τ3 τ4 

CZTS 574 
< 0.1 ps 

(+ 100 %) 

0.23 ps 

(- 76.4%) 

2.3 ps 

(- 14.5%) 

>1 ns 

(- 9.1 %) 

- 

CdS 

432 
< 0.1 ps 

(+ 100%) 

3ps 

(-46.6%) 

130 ps 

(-14.6%) 

>1 ns 

(-38.8%) 

- 

457 
< 0.1 ps 

(+ 100%) 

0.16 ps 

(-100 %) 

0.62 ps 

(+ 31.2%) 

7.1 ps 

(+ 68.8%) 

>1 ns 

(-100%) 

CZTS/

CdS 

434 
0.14 ps 

(+ 100%) 

3.7 ps 

(- 33.2%) 

269 ps 

(- 28.4%) 

>1 ns 

(- 38.4%) 

- 

461 
< 0.1 ps 

(+94 %) 

0.2 ps 

(-82.9%) 

1.8 ps 

(-7.2%) 

7.4 ps 

(+ 6 %) 

>1 ns 

(-9.9%) 

574 
0.16 ps 

(+ 100%) 

1.8 ps 

(-60.3%) 

158 ps 

(- 35.6%) 

>1 ns 

(- 4.1%) 

- 

 We have also observed charge separation induced slower bleach recovery 

(charge recombination) in heterojunction. In addition to the transient bleach kinetics 

of CZTS/CdS, we have also monitored bi-exciton kinetics at 461 nm and compared 

with pristine CdS, shown in Figure 3.8D. It demonstrates the fate of CdS bi-excitonic 

feature, both formation and decay in presence of CZTS. The transient kinetics were 

fitted multi-exponentially and the time constants are shown in Table 3.1. The 

formation of bi-excitonic feature is not much influenced by the CZTS contact and 
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subsequent charge separations. In fact, its decay is quite sluggish and slowly 

dissociates to form excitons. We assume this behaviour arises from greater defect 

concentration in the hetero-interface. Also, hole transfer did not necessarily have 

much effect over bi-exciton formation in the heterojunction. This might be due to 

slower hole transfer in the junction owing to large effective mass of holes
43

 in CdS, 

that photoexcited holes are being cooled to the valance band edge to form biexcitons 

before being migrated to the CZTS domain. In Scheme 3.1, we proposed a simplified 

schematic band alignment of CZTS and CdS, portraying inner photophysical 

processes after 350 nm pump excitation. This experimental investigation will help in 

designing better heterojunctions which would have immense applications in the 

development of highly efficient thin film solar cells or other optoelectronic devices.  

Table 3.2. Kinetics fitting parameters at different key wavelengths for CZTS, CdS 

thin films, and CZTS/CdS p-n heterojunction at 350 nm photo-excitation with 

different laser intensity. Laser Intensity was kept at 100 μJ/cm
2
, 200 μJ/cm

2
, 300 

μJ/cm
2
, 500 μJ/cm

2
 and 700 μJ/cm

2
.  

Pump fluence 

(μJ/cm
2
) 

Growth Decay 

τ1 τ2 τ3 τ4 

100 
<100fs 

(-100%) 

0.24ps 

(73.3%) 

2.7ps 

(14%) 

>1ns 

(12.7%) 

200 
<100fs 

(-100%) 

0.23ps 

(70.4%) 

2.3ps 

(22.1%) 

>1ns 

(7.5%) 

300 
<100fs 

(-100%) 

0.25ps 

(63.6%) 

1.9ps 

(22%) 

>1ns 

(14.4%) 

500 
<100fs 

(-100%) 

0.28ps 

(68%) 

2ps 

(19.4%) 

>1ns 

(12.6%) 

700 
<100fs 

(-100%) 

0.20ps 

(52.2%) 

2.1ps 

(34.2%) 

>1ns 

(13.6%) 

3.3. Conclusion   

In this chapter, we have attempted to understand ultrafast charge carrier dynamics of 

CZTS/CdS heterojunction with type-II staggered band alignment under the influence 

of an internal electric field with the help of femtosecond transient pump-probe 

spectroscopy. CZTS NPs and CdS QDs were prepared by hot injection method, 
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followed by fabrication of CZTS, CdS, and CZTS/CdS heterojunction thin films with 

the help of spin coating technique. Steady-state and time-resolved photoluminescence 

studies confirm hole transfer from photoexcited CdS to CZTS in the heterojunction 

film due to its thermodynamical viability. In transient studies, we observed trap-

mediated photoinduced absorption dominates over band edge bleach in CZTS thin 

film. Ultrafast transient absorption and time-resolved luminescence studies 

demonstrate fast charge separation where photo-excited electrons transferred from 

photo-excited CZTS to CdS and photo-excited hole transferred from photo-excited 

CdS to CZTS in the heterojunction film. The drastic increase in bleach intensity and 

enhanced electron population in the conduction band edge in CdS in the 

heterojunction film clearly suggests electron transfer from the CZTS domain to the 

CdS domain establishing the charge transfer efficiency in the heterointerface. We 

have also observed that the hole transfer process in the interface necessarily occurs 

from the CdS valance band edge, unlike electronic migration. This kind of improved 

charge separation and slow recombination of charge carriers in the heterojunction 

would have a great impact on the device's performance. Our results help to explain the 

robust separation of photoexcited charge carriers between the CZTS/CdS 

heterojunction and highlight a route to improved solar cells. These results will help to 

model carrier transport mechanisms across similar heterojunctions and we hope that 

the present study will attract further investigations to address electron-hole separation 

issues in photovoltaic and photo-catalytic devices.  
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Abstract 

Tin chalcogenides (SnX, X=S, Se) based heterostructure (HS) are promising materials 

for the construction of low-cost optoelectronic devices. Here, we have reported the 

synthesis of SnSe/CdSe HS using the controlled cation exchange reaction. The (400) 

plane of SnSe and (111) plane of CdSe, confirm the formation of an interface between 

SnSe and CdSe. The Type- I band alignment is estimated for SnSe/CdSe HS with a 

small conduction band offset (CBO) of 0.72 eV through cyclic voltammetry 

measurement. Transient absorption (TA) studies demonstrate drastic enhancement of 

CdSe biexciton signal, pointing toward the hot carrier transfer from SnSe to CdSe in a 

short time scale. The fast growth and recovery of CdSe bleach in the presence of SnSe 

indicates charge transfer back to SnSe. The observed delocalization of carriers in 

these two systems is crucial for an optoelectronic device. Our findings will provide 

new insights for the fabrication of cost-effective photovoltaic devices based on SnSe-

based heterostructures. 
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4.1. Introduction 

The generation of renewable energy is crucial in order to meet the world‟s current 

energy demands. The development of novel materials becomes a key feature for the 

evolution of technology and to fulfill the world‟s rising energy requirement.
1 

Over the 

past few years, improved solar cell efficiency has been reported with copper indium 

gallium selenide (CIGS) and cadmium telluride (CdTe) absorber materials, however, 

scarcity and toxicity of the constitute elements hamper further development.
2
 The 

quaternary Cu2ZnSn(S/Se)4 (CZTSSe) systems have also captured much attention in 

the field of photovoltaics due to their direct band gap (Eg = 1.1eV)
3
, high absorption 

coefficient (10
4
 cm

−1
)
4 

and stability
2
. The highest power conversion efficiency (PCE) 

of 12.6% has been achieved by Se-rich CZTSSe thin film solar cells with a S/(S + Se) 

compositional ratio of 0.24.
5
 The major obstacles in achieving high performance of 

CZTSSe-based photovoltaic and photocatalytic devices are controlling the formation 

of secondary phases, inherent Cu-Zn antisite defects, and poor band alignment.
4
 

Hence, alternative materials that contain lead-free earth-abundant, as well as non-

toxic elements, need to be explored for solar cell applications. Nowadays, two-

dimensional (2D) metal chalcogenides and their heterostructures have gained 

incredible interest owing to their diverse range of properties that enable applications 

in photocatalysis, optoelectronics, and energy conversion and storage.
6 

As compared 

to their bulk counterparts, 2D materials possess quantum confinement which gives 

rise to innovative electronic and optical properties
 
like strong coulombic interactions, 

strong spin−orbit coupling,  efficient light-matter interactions, higher carrier mobility, 

and an increase in the electronic band gap,  etc. Moreover, these materials are 

abundant, and mechanically strong, rendering them well suitable for future-generation 

photovoltaic cells.
7,8

 2D materials can also improve the photocatalytic performance by 

maximizing the specific surface area which creates additional active sites, which is a 

crucial factor for improved catalytic processes.
8
 Recently, tin selenide (SnSe) 

nanosheets (NSs) have shown excellent properties for photovoltaic applications and 

could be the future energy source due to its earth abundance, non-toxicity, bandgap 

tunability up to near-infrared (NIR) region,
9 

high absorption coefficient (10
5 

cm
−1

)
10

, a 

p-type semiconductor with a high concentration of carriers (10
15

, 10
18

 cm
-3

).
11

 

Moreover, it shows high stability of formation due to its binary nature
 
which 

overcomes the problems associated with structural, stoichiometry, and secondary 
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phase formation commonly occurring in quaternary CIGS and CZTS(Se) 

materials.
12,13

 Further, designing heterostructures based on 2D materials provides 

tuning of band alignment, new capability for controlling the charge carrier relaxation 

trails, and wave function engineering via tuning of band offsets and overlap of the 

electron-hole wavefunction.
14,15

 Moreover, these heterostructures harvest a wider 

range of solar spectrum and offer slower recombination and fast extraction of charge 

carriers, which are crucial factors for the construction of highly efficient photovoltaic 

and photocatalytic devices. 

 The transfer of hot charge carriers generated in one semiconductor to another 

semiconductor in heterostructures improves the photoconversion process of the 

photovoltaic cell via utilizing excess energy which otherwise is wasted as heat, which 

in turn increases the overall PCE. Various methods have been reported for large-scale 

production of nanocrystals and nano-heterostructures including chemical vapor 

deposition (CVD), hydrothermal or solvothermal, and electrochemical methods for 

epitaxial growth of heterostructures.
16

 The aforementioned methods exhibit certain 

shortcomings including time-consuming, tedious, harsh environment conditions, high 

temperature, and difficulty controlling the formation of nano-heterostructures.
17

 

Whereas, the ion (cation/anion) exchange method is a versatile chemical method for 

the synthesis of heterostructures with high-quality interfaces at low temperatures, 

tunable shape, size, and band alignment by changing the composition and 

experimental conditions.
16

 This method provides close proximity between the two 

materials as the crystallographic facets growth of the second phase could be easily 

achieved, thereby enhancing the probability of the formation of proper heterojunction 

between the two materials.
18 

Moreover, the formation of heterostructures can be 

achieved in a highly controlled manner which cannot be attained by other methods. 

Hee et al. reported the conversion of CdSe, CdS, and CdTe nanocrystals (NCs) to 

corresponding Ag-chalcogenides by a complete replacement reaction of the Cd
2+

 by 

Ag
+
 through the cation exchange method.

19,20
 Casavola et al. developed PbSe/CdSe 

core-shell NCs of different geometry using the cation exchange method.
21

 Similarly, 

SnTe/CdTe and CdTe/SnTe Core/Shell NCs were prepared by Jang et al. using cation 

exchange combined with the Kirkendall effect.
22 

Cation exchange is a promising 

method for the formation of colloidal nanocrystal and nano-heterostructures at low 

temperatures. The heterostructures offer better extraction of charge carriers, minimum 
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energy losses, high degree of surface passivation and collectively enhance the device 

performance as compared to that of pristine nanostructures. Recently, solar cells with 

SnS and SnSe as absorber materials have been widely reported.
23,24

 The wide 

bandgap, n-type Cd-chalcogenides have been widely used as a buffer layer in 

SnSe/SnS-based absorber layer solar cells. However, the maximum experimentally 

reported efficiency for SnS and SnSe-based absorber materials was 4.36 % and 6.44 

%,
25,26

 respectively, which is far less than the theoretical value of 30 %, therefore, 

improved efficiency can be expected for SnX, X=S, Se based solar cells.
27, 28

 The 

performance of any optoelectronic device chiefly depends on the behavior of its 

photoexcited charge carriers. A clear understanding of the photophysics involved at 

the interface is of foremost importance and needs to be explored in detail before the 

fabrication of any device for the improvement of efficiency based on heterojunction-

based materials.  

 In this chapter, we have successfully synthesized high-quality SnSe/CdSe HS 

by a low-cost, robust, and user-friendly hot injection method to elucidate the charge 

carrier dynamics at the interface of SnSe and CdSe. SnSe/CdSe HS has been 

synthesized using the cation exchange method. The incorporation of Sn in the CdSe 

QDs host has been confirmed by powder X-ray diffraction (XRD), energy dispersive 

X-ray spectroscopy (EDX), and cyclic voltammetry (CV) studies. High-resolution 

transmission electron microscopy (HRTEM) confirms the formation of an interface 

between cubic CdSe/orthorhombic SnSe in the SnSe/CdSe HS system. The 

SnSe/CdSe HS is found to have a low conduction band offset of 0.72 eV, which is 

important for efficient device performance.
29 

We have demonstrated the charge carrier 

dynamics of photogenerated electrons and holes in detail using ultrafast transient 

absorption (TA) spectroscopy. It is observed that the formation of SnSe/CdSe HS 

completely altered the exciton and biexciton dynamics as interpreted from ultrafast 

TA studies. We observed efficient hot carrier transfer from photoexcited SnSe to the 

CdSe region and then back transfer of charge carriers to SnSe according to the band 

alignment. The detailed understanding of photoexcited hot carriers at an interface may 

provide utmost aid to gain an understanding of different photophysical processes like 

carrier cooling, transfer, and recombination processes occurring in the SnSe/CdSe 

heterostructure system which in turn helps in designing more efficient SnSe-based 

heterojunction devices.   
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4.2. Results and discussion 

4.2.1. Synthesis and structural characterization of materials 

The chief aspect of this work is to synthesize and explore the detailed photophysics of 

photoexcited charge carriers at the p-n junction of the newly synthesized SnSe/CdSe 

heterostructure. The SnSe nanosheets (NSs), and CdSe quantum dots (QDs) were 

synthesized using the hot-injection method, and a two-step synthesis procedure was 

utilized to prepare SnSe/CdSe HS. The pre-synthesized CdSe QDs were used as a 

template and then SnSe/CdSe HS system was synthesized via cation exchange with 

Sn
2+

 ions at a moderate temperature of 120° C. Schematic illustration of the synthesis 

process of SnSe/CdSe HS via partial cation exchange has been demonstrated in 

Figure 4.1(A). The cationic radii of Sn
2+

 and Cd
2+

 are comparable (118 and 97 pm)
15

 

and thus help to accelerate the following cation exchange reaction. 

Sn
2+

 + CdSe         Cd
2+

 + SnSe 

 The as-prepared SnSe NSs, CdSe QDs, and SnSe/CdSe HS samples were 

characterized by XRD, HRTEM, optical absorption, and CV studies.
 
Powder XRD 

patterns were used to examine the structural properties of these systems. Figure 4.1 

(B, a) shows the XRD patterns of the SnSe NSs with diffraction peaks at 2θ ~ 26.5°, 

30.6°, 31.2°, 37.9°, 43.5°, 47.2°, 49.7°, 54.5°, 64.9°, which are indexed to (210), 

(111), (400), (311), (020), (302), (511), (420), and (800) diffraction planes of the 

orthorhombic crystal structure of SnSe, respectively (JCPDS: 00-48-1224).
30

 From 

the XRD of SnSe NSs, it can be seen that the (400) plane appears as the strongest 

orientation in the case of SnSe NSs.
31 Figure 4.1C shows the atomic force 

microscopy (AFM) image of SnSe NSs, and the thickness was calculated to be in the 

range of 25-30 nm as shown in the inset. The reported thickness of the monolayer of 

SnSe is ~1 nm,
 
which indicates that synthesized SnSe NSs are multilayers.

32
 The XRD 

pattern of pure CdSe QDs was collected following drop-casting over a glass substrate 

and is shown in Figure 4.1(B, b). The peaks obtained at 25.1
o
, 42.4

o
, 49.2

o, 
and 67.1

o
 

correspond to the reflection from (111), (220), (311), and (331) diffraction planes of 

zinc blend structure of CdSe (JCPDS:00-019-0191).
33 
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Figure 4.1. (A) Left Panel:  Schematic illustration for the synthesis of SnSe/CdSe HS. 

Right panel: photographic image of prepared materials (B) Powder X-ray diffraction 

pattern of (a) SnSe NSs (b) CdSe QDs (c) SnSe/CdSe HS; JCPDS lines are also 

indicated (C) AFM image of SnSe NSs on the silicon substrate (inset: corresponding 

height profile).  

 The XRD patterns of SnSe/CdSe HS shown in Figure 4.1 (B, c) indicate the 

presence of both the cubic phase of CdSe and the orthorhombic phase of SnSe which 

are further confirmed via HRTEM images. The various key structural parameters such 

as lattice parameters, interplanar spacing dhkl (nm), strain (є), and dislocation density 

(ρd) calculated from XRD analysis for SnSe NSs, CdSe QDs, and SnSe/CdSe HS 

system are indicated in Table 4.1. Figure 4.2 (a-c) shows the transmission electron 

microscopic images of as-synthesized SnSe NSs, which possess typical sheet-like 

morphology. The size distribution histogram (Figure 4.3 A) demonstrates that the 

average long-edge length is ~700 nm and the average short-edge length is ~ 400 nm. 

The HRTEM image of SnSe NSs (Figure 4.2d) indicates the d-spacing of 0.29 nm 

which corresponds to the (400) diffraction plane of SnSe NSs and perfectly correlates 

with the XRD analysis. The obtained d spacing is well matched with earlier reports.
34

 

The transmission electron microscopy (TEM) and HRTEM images of CdSe QDs 

shown in Figure 4.2 (e-h), reveal the spherical morphology of CdSe QDs, and the 

average size is found to be ~ 4 nm (Figure 4.3B).  
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Figure 4.2. TEM and HRTEM images of (a-d) SnSe NSs, (e-h) CdSe QDs, and (i -l) 

SnSe/CdSe HS. Inset of (k) and (l) shows HRTEM images indicating the retained 

morphology of particles after cation exchange and the interface between the (111) 

plane of cubic CdSe and (400) plane of orthorhombic SnSe, respectively. 

 The d-spacing of 0.35 nm observed in the HRTEM image (Figure 4.2h) is 

consistent with the (111) lattice plane of cubic CdSe QDs. The observed d spacing is 

matched with previously reported literature.
35

 Moreover, the obtained selected area 

electron diffraction (SAED) patterns of SnSe NSs and CdSe QDs are shown in Figure 

4.3 (C, D), which indicates the high crystallinity of the prepared materials. The TEM 

images of SnSe/CdSe HS formed via cation exchange are shown in Figure 4.2 (i-l) 

confirming the formation of two distinct phases. The morphology of particles is still 

spherical as that of CdSe QDs (used as a template) after cation exchange which 

indicates that the shape and morphology of CdSe particles in the SnSe/CdSe HS 

system are retained as shown in Figure 4.2(k) inset. The clear grain boundary is 

observed as shown in the HRTEM image (Figure 4.2l, inset) with the lattice spacing 

of 0.35 nm and 0.29 nm,
 
which

 
are assigned to the (111) plane of cubic CdSe QDs and 

(400) plane of the orthorhombic phase of SnSe NSs, respectively. HRTEM images of 

SnSe/CdSe HS (Figure 4.2k, l) indicate the formation of a proper interface between 

SnSe and CdSe in SnSe/CdSe HS with fewer interfacial defects. The presence and 
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uniform atomic distribution of the prepared samples has been confirmed through 

EDX. 

 

Figure 4.3. Particle size distribution and SAED pattern of (A, C) SnSe NSs, and (B, 

D) CdSe QDs. 

Figure 4.4 shows the peaks corresponding to all Sn, Se, and Cd elements which 

clearly confirms the incorporation of Sn in CdSe resulting in the formation of 

SnSe/CdSe HS after the cation exchange reaction.  

 

Figure 4.4. EDX spectrum of SnSe/CdSe HS. 
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4.2.2. Optical studies 

Understanding the carrier cooling and transfer dynamics across the junction of 

SnSe/CdSe HS plays a pivotal role in improving the performance of devices such as 

solar cells, photodetectors, etc.
36,37 

The optical absorption spectrum of SnSe NSs 

presented in Figure 4.5A(a), shows a broad absorption band in the region from 400 to 

1600 nm peaking around 700 nm. The bandgap of SnSe was calculated using a tauc 

plot which is shown in Figure 4.5A inset. The bandgap energy of SnSe NSs was 

estimated by extrapolating the linear part of (αhν)
2 

versus hν curve to (αhν)
2
 = 0. The 

estimated bandgap energy of SnSe NSs was found to be 1.0 eV, which is in good 

agreement with the values reported in earlier literature.
38 

The photoluminescence (PL) 

spectrum of SnSe NSs exhibits a strong peak centred at 1124 nm (Figure 4.5C, 

inset), which matches well with the earlier report.
39 

In the absorption spectrum of 

CdSe QDs (Figure 4.5B (b)), two peaks appeared at ∼558 nm, and 455 nm 

corresponds to (1S(e)−1S3/2(h), 1S) and (1P(e)−1P3/2(h), 1P) electronic transitions, 

respectively.
40

 The band edge excitonic peak corresponds to the bandgap of ~2.22 eV 

which is considerably higher than the bulk bandgap of ~1.9 eV,
41

 indicates quantum 

confinement of the newly synthesized CdSe QDs. The size of particles is confirmed 

from the sizing curve reported by Peng et al. and is determined to be ~ 4 nm, which is 

in good agreement with HRTEM images (Figure 4.2f).
42

 The photoluminescence 

spectra (PL) of CdSe QDs in toluene shown in Figure 4.5C, exhibit a narrow PL band 

with the maximum emission peak at 569 nm. PL quantum yield (PLQY) of CdSe QDs 

is determined to be ~ 26 % (Table 4.2). The optical spectra of SnSe/CdSe HS 

comprise the signature of both pristine CdSe QDs and SnSe NSs. The absorption 

peaks of CdSe QDs slightly shifted to the shorter wavelength along with a broad 

absorption of SnSe NSs in the VIS-NIR region. 
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Figure 4.5. Steady-state optical absorption spectrum of (A) (a) SnSe NSs, and tauc 

plot (inset); (B) Steady-state optical absorption of (b) CdSe QDs and (c) SnSe/CdSe 

HS; (C) Steady-state PL spectra of (d) CdSe QDs and (e) SnSe/CdSe HS; (inset: PL 

of SnSe NSs) dispersed in toluene and (D) Time-resolved PL decay trace of (f) CdSe 

QDs and (g) SnSe/CdSe HS after exciting the sample at 402 nm and monitoring at 

569 nm.  

Table 4.1. The various key structural parameters such as lattice parameters (hkl), 

interplanar spacing dhkl (nm), strain (є), and dislocation density (ρd) for SnSe NSs, 

CdSe QDs and SnSe/CdSe HS system. 

Samples 
Planes 

(hkl) 

dhkl  

(nm) 

Lattice Parameter 
Dislocation 

Density (ρd) 

X10
16

 m
-2

 

Strain (є) 

X 10
-3

 

Unit Cell 

Volume 

(A°)
3
 

a 

(A°) 

b 

(A°) 

c 

(A°) 

SnSe 400 0.2863 11.8 4.14 4.27 0.18 1.47 208.59 

CdSe 111 0.3546 6.14 6.14 6.14 15.55 13.66 231.47 

SnSe/CdSe HS - 0.3027 - - - 1.09 3.62 - 
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Table 4.2. Quantum yield calculation. 

Sample 
Area of 

sample 

Area of reference 

(Rhodamine B) 

OD sample 

(420 nm) 

OD reference 

(420 nm) 

PLQY 

(%) 

CdSe 3.15*10
7
 3.53*10

7 
0.08 0.06 26% 

SnSe/CdSe HS 10234 3.53*10
7
 0.024 0.06 <1% 

 

This blue shift in the excitonic peaks can be due to the shrinkage of CdSe on the 

formation of HS with SnSe. Interestingly, it is observed from the PL spectra that the 

band edge emission of the CdSe quantum dot is greatly quenched in the presence of 

SnSe in SnSe/CdSe HS upon 420 nm excitation. This indicates the transfer of charge 

carriers from CdSe QDs to SnSe NS in the HS system, which is the 

thermodynamically viable process according to band alignment of synthesized 

SnSe/CdSe heterostructure. Now to elucidate the carrier transfer phenomena, time-

resolved PL studies of CdSe and SnSe/CdSe HS were carried out monitoring at 569 

nm. Time-resolved PL studies of pure CdSe QDs and SnSe/CdSe HS are shown in 

Figure 4.5(D). The average lifetime of SnSe/CdSe HS is found to be 3.8 ns, which is 

almost 7 times lower than that of pure CdSe QDs (26 ns). This decrement in average 

lifetime suggests the transfer of charge carriers from CdSe to SnSe in the SnSe/CdSe 

HS system. Also, the PLQY of SnSe/CdSe HS is reduced to <1 % (From 26% of pure 

CdSe, Table 4.2). The decreased PLQY can be ascribed to the decrement of radiative 

recombination of charge carriers in the case of SnSe/CdSe HS. 

4.2.3. Cyclic voltammetric and band edge measurements 

The detailed fundamental understanding of many processes viz. charge transfer 

kinetics, dynamics at the semiconductor (donor)/ semiconductor (acceptor) interface 

(absorber/buffer), semiconductor/electrolyte interfaces, band edge (valance and 

conduction band) positions, trap states as well as midgap states play a very crucial 

role in the final performance of an optoelectronic device. Prior knowledge of these 

critical parameters i.e. electronic band structure is of utmost importance for 

fabricating high throughput optoelectronic devices. In the last two decades, CV 
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techniques have proved themselves as superpotential and simple methods to estimate 

these critical parameters, over traditional methods like ultraviolet photoelectron 

spectroscopy (UPS) and scanning tunneling spectroscopy (STS) with high 

reproducibility and accuracy.
43,44

 

 In the present CV investigation, the colloidal dispersions (1mg/mL) of each 

sample (SnSe, CdSe, and SnSe/CdSe HS) have been drop cast (100 µL) on the glassy 

carbon (GC) electrode surface followed by vacuum drying and used as the working 

electrode. The controlled CV measurements (without NCs sample) have been 

performed on bare GC electrodes in the presence of tetrabutylammonium perchlorate 

(TBAP) supporting electrolyte in dried dichloromethane (DCM) solvent. The 

controlled CVs for all the samples are shown in Figure 4.6(A, Aa, B), with dotted 

lines. None of the blank CV does show any redox reaction at the GC working 

electrode, suggesting a clean surface of GC. However, in the same TBAP supporting 

electrolyte solution GC electrodes loaded with the NCs samples were introduced, 

followed by CV measurement and shown in solid red lines in Figure 4.6 (A, Aa, B). 

Figure 4.6A and 4.6A(a) depicts the CV recorded on the SnSe and CdSe 

nanoparticles loaded on the GC electrode separately. The CVs recorded for SnSe and 

CdSe show two prominent reduction and oxidation (redox) peaks. Based on the 

direction and nature of the current-potential sign anodic and cathodic peaks were 

labeled as A1 and C1.  

 This redox peak suggests that these samples are very electroactive and support 

redox reactions. From Figure 4.6 (A) for SnSe CV, the oxidation (anodic A1) and 

reduction (cathodic C1) peaks were observed at 0.66V and -0.53V vs. normal 

hydrogen electrode (NHE), respectively. These A1 and C1 peaks that appeared in CV 

are nothing but the SnSe NSs sample oxidize and reduce at specific potential 

attributed to the charge transfer mediated through band edges (valence band (VB) and 

conduction band (CB)). The absence of complementary peaks after the A1 and C1 

peaks suggests the single electron transfer followed by chemical reaction and low 

stability in charged conditions. 
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Figure 4.6. Cyclic Voltammogram recorded for the SnSe NSs, CdSe QDs, and 

SnSe/CdSe HS. The dotted line in Figure (A, A(a), B) represents the controlled CV in 

TBAP-DCM without the NCs sample and red solid lines for (A) SnSe, (A, a) CdSe 

and (B) SnSe/CdSe HS. The inset of Figure 4B shows the enlarged view of the anodic 

and cathodic peaks. Figure 4 (C, D, E) scan rate dependant current response for the 

CVs recorded for (C) SnSe, (D)  CdSe, and (E) SnSe/CdSe HS. The inset of Figure 

4(C, D, E) shows the linear regression fitting for current values as a function of under 

square root of the scan rate. (F) Schematic energy band diagram of SnSe/CdSe HS, 

with small band offset (0.72 eV) at the interface.  

The oxidation and reduction peaks noticed in the CV are due to the donation and 

acceptance of electrons from and to the respective band edges, and the peak potential 

difference (A1 and C1) is considered to be the quasiparticle gap (electrochemical 

bandgap). Similarly, Figure 4.6 (A, a) depicts the CV recorded on CdSe NCs, where 

distinct A1 and C1 peaks are noted at   1.03 V and -1.25 V vs. NHE, respectively. 

Figure 4.6B shows the SnSe/CdSe  HS, CV with similar distinct A1 and C1 redox 

peaks at 0.98 V and -1.24 V vs. NHE, respectively. Interestingly, when we performed 

the CV measurements for the  SnSe/CdSe HS sample, we noticed two additional 

peaks apart from the regular A1 at 0.98 V and C1 at -1.24 V, which are marked as Aꞌ1 

at 0.55 V and Cꞌ1 at -0.70 V, respectively. While after careful observation it is found 

that the Aꞌ1 and Cꞌ1 peak difference is 1.25 V, which is in close agreement with the 

peak difference of SnSe NSs 1.19 V. In addition to this, the peak positions (A1 and 

C1) of CdSe and SnSe/CdSe HS are also very close, furthermore, there is a potential 
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shifting of  Aꞌ1 and Cꞌ1 from A1 and C1 of SnSe NSs by 110 mV and 170 mV, these 

observations are attributed to the formation of HS between CdSe and SnSe and strong 

interaction between this HS.
45 

The obtained values of band edges (VB and CB) are 

converted with respect to vs. vacuum and summarized in Table 4.3. The quasiparticle 

gap is measured for the SnSe NSs, CdSe QDs, and SnSe/CdSe HS, the estimated 

values are 1.19 eV, 2.28 eV, and 2.22 eV, respectively. These electrochemical values 

of the bandgap are in very close agreement with the optical bandgap values obtained 

from absorbance spectra. 

Table 4.3. Summarized data for the electrochemical measurements (CV), the band 

structure parameters  (VB vs. NHE, CB vs. NHE, VB vs. Vacuum (Vac), CB vs. Vac 

and Electrochemical (Eg) band gap).  

Sample 
VB vs. 

NHE (V) 

CB vs. 

NHE (V) 

VB vs. 

Vac (eV) 

CB vs. 

Vac (eV) 

Eg 

(eV) 

SnSe 0.66 -0.53 -5.16 -3.97 1.19 

CdSe 1.03 -1.25 -5.53 -3.25 2.28 

CdSe/SnSe HS 0.55/0.98 -0.70/-1.24 -5.48 -3.26 1.25/2.22 

 

 The decrease in bandgap and shift in the valance band of SnSe/CdSe HS is 

observed as compared to pure CdSe QDs. Figure 4.6 (C, D, E) depicts the scan rate-

dependent CVs for the SnSe, CdSe, and SnSe/CdSe HS in the range of 10 mVs
-1 

to 

500 mVs
-1

. From Figure 4.6 (C, D, E) it is seen that anodic and cathodic peak 

currents (Ipa and Ipc) increase linearly as a function of the square root of scan rate 

(ν
1/2

) for SnSe NSs, CdSe QDs, and SnSe/CdSe HS. The inset of Figure 4.6 (C, D, E) 

represents peak current vs. ν
1/2

 attributed to the diffusion-controlled process. 

Furthermore, to understand the charge transfer kinetics and dynamics, these band 

edge positions are estimated through CV used to construct the band diagram and 

converted to a local vacuum. The energy level of valence and conduction band edges 

of the SnSe, CdSe, and SnSe/CdSe HS were determined by CV measurement. These 

CV measurements allow the detailed investigation of band alignment with the help of 

electrochemical bandgap, ionization potential (IP), and electron affinity (EA). We 

have used IP and EA values to construct the band alignment of SnSe/CdSe HS which 

is shown in Figure 4.6F. The conduction band offset (CBO) at the SnSe/CdSe HS 
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interface is estimated at 0.72 eV, which is an encouraging factor for solar devices. 

The small CBO in SnSe/CdSe HS indicates that free electrons generated after 

excitation will diffuse much faster and can be collected before their recombination 

with free holes in the valence band. Thus, highlights a route to improve device 

performances and fabrication of efficient solar cells.
 46,47

 

4.2.4. Transient absorption studies  

 The excited state photophysics of the charge carriers plays a vital role in 

identifying the intrinsic characteristics of the material, which is fundamental 

information for proceeding toward any potential application.
48,49

 In this work, we 

studied the photoexcited charge transfer and recombination dynamics at the interface 

of SnSe/CdSe HS and compared it with pristine CdSe QDs and SnSe NSs system with 

the aid of femtosecond TA spectroscopy. The samples were excited with 350 nm 

pump pulses using a fluence of 200 µJ/cm
2
 and the change in absorption was recorded 

in the visible region. Figures 4.7A, and B present TA spectra of pristine SnSe NSs at 

the early and longer delay time, respectively. The spectra primarily show a broad 

positive signal in the entire region with two distinct absorption bands (peaking at 460 

and 590 nm). Positive TA signal implies that probe-mediated photoinduced 

absorption of excited-state charge carriers toward higher energy levels dominates over 

any state-filling effect in the SnSe NSs system. In addition to that, a photoinduced 

bleach signal appears at the 500-650 nm region of the spectra at an early longer time 

scale (<1 ps and > 500 ps). This indicates that state filling-induced bleach signal is 

also present in the system. But it is masked in the presence of a strong photoinduced 

absorption signal in the time scale of > 1ps to < 500 ps. Here, the negative signal 

peaks around 550 nm. Hence, the state that corresponds to this bleach signal must be a 

higher energy conduction band, not a conduction band edge, as the bandgap of SnSe 

is very low (1.19 eV, 1042 nm). Earlier Qiu et al. reported a positive signal for SnSe 

NSs on exciting the sample with 800 nm laser pulses.
50

 The decay kinetics of these 

two positive signals were monitored at 460 and 590 nm and presented in Figures 

4.7C and 4.7D. 
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Figure 4.7. TA spectra of the SnSe NSs at (A) early time scale and (B) longer time 

scale following photoexcitation of a 350 nm laser pulse with 200 μJ/cm
2
 laser fluence. 

Corresponding kinetic profiles monitoring at (C) 460 nm and (D) 590 nm.  

The kinetics were fitted multi-exponentially and the fitting components are listed in 

Table 4.4. The 590 nm kinetics comprises a negative signature of the bleach signal 

both in the early and longer time scales. The rise and decay of the early negative 

signal are very fast and found to be IRF limited (< 100 fs) in our instrument. Whereas 

the positive signal takes a longer time to grow and can be fitted with two growth time 

scales (1.1 ps and 7.8 ps). The 460 nm positive feature possesses only a positive 

signature throughout the measurement time (> 3 ns). In fact, the growth and decay 

dynamics are also different as compared to that of the 590 nm signal. This indicates 

that these two transient features are independent in nature and correspond to separate 

optical transitions in the SnSe NSs system. Figure 4.8A represents the TA spectra of 

the pristine CdSe QDs at different time delays after exciting the sample at 350 nm 

laser pulse with a fluence of 200 µJ/cm
2
. The spectra consist of a band edge bleach 

peak at 560 nm along with a broad hump at 525 nm and a high energy bleach at 474 

nm, which can be ascribed to {1S, 1S(e)- 1S3/2(h)}, {2S, 1S(e)- 2S3/2(h)} and {1P, 

1P(e)- 1P3/2(h)} electronic transitions, respectively, in the CdSe QDs system, as 

discussed in the steady-state absorption spectra (Figure 4.5Bb) earlier.   
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Figure 4.8. (A) Transient absorption spectra of CdSe QDs following photoexcitation 

of 350 nm laser pulse with 200 μJ/cm
2
 laser fluence. (B) Transient dynamic profiles 

of 1S, 1P exciton, and band edge bi-exciton signals monitoring at 560, 459, and 605 

nm.  

Along with these bleach signals, we observed a weak photoinduced absorption signal 

in the blue region and a sharp bi-excitonic signal in the red region of transient 

spectra.
51,52

 Figure 4.8B shows the kinetics of both the excitons and bi-excitonic 

features in CdSe system monitoring at a probe wavelength of 560 nm, 459 nm, and 

605 nm, respectively. The bleach kinetics has been fitted multi-exponentially with 

time components displayed in Table 4.5. The ultrafast growth with a time component 

of 0.46 ps for the band-edge excitonic bleach position indicates the intraband cooling 

of hot charge carriers from the higher excitonic states to the band-edge position of 

CdSe QDs. The fast and intermediate components in the decay of bleach are attributed 

to the nonradiative trapping of charge carriers whereas the longer component arises 

due to radiative and non-radiative recombination of electrons and holes.
53

 The probe-

induced biexciton signal at 605 nm described in Figure 4.8B is fitted multi-

exponentially and fitted components are shown in Table 4.5. The biexciton 

dissociates into its exciton via auger decay which further undergoes the recombination 

process. 

 Now, to probe the carrier dynamics in the p-n junction comprised with the 

hetero-interface of SnSe NSs and CdSe QDs, we excited the SnSe/CdSe HS with 350 

nm laser pulses (Scheme 4.1A). The other experimental conditions were kept the 

same as that of pristine ones. Figure 4.9A presents TA spectra of SnSe/CdSe HS for 

350 nm pump excitation and 200 µJ/cm
2
 laser fluence, in a wide range of pump-probe 
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delay times. These TA spectra primarily constitute 1S and 1P excitonic bleach signals 

of the CdSe QDs entity. However, the positions of these bleach features are slightly 

blue-shifted as compared to the pristine CdSe QDs system. This could be the 

indication of the lower size distribution of CdSe QDs in the presence of SnSe NSs. To 

establish the individual effect of CdSe and SnSe in the HS, we have plotted the TA 

spectrum of each CdSe QDs, SnSe NSs, and the HS at 1 ps pump-probe delay time 

(Figure 4.9B). At an early time scale, the TA spectra are dominated by CdSe. 

However, the effect of SnSe is clearly visible in the SnSe/CdSe heterostructure. 

However, the CdSe QDs characteristics are substantially modified in the presence of 

SnSe. The 2S excitonic hump is missing in the HS spectrum. Also, the photoinduced 

absorption signals, as well as the bi-excitonic signal, are enhanced in the HS. In fact, 

the overall intensity of the signal is enhanced in the HS, as compared to pristine CdSe 

QDs. This indicates toward improved charge carrier population in the CdSe moiety in 

the presence of SnSe NSs at an early time scale. Interestingly, this enhancement is 

only prominent for ground state features (1S exciton and bi-exciton), which indicates 

the involvement of electron transfer to the lower excitonic state (1S) of CdSe from 

photoexcited SnSe.  

Table 4.4. Kinetic fitting parameters for SnSe NSs solution under 350 nm pump 

excitation with 200µJ/cm
2
 laser fluence. 

System Probe λ(nm) τg1 τg2 τ1 τ2 

SnSe 

460 nm 
2.04 ps 

(100%) 
- 

120 ps 

(-62%) 

>1ns 

(38%) 

590 nm 
1.5 ps 

(88.8%) 

7.8 ps 

(11.2%) 

160 ps 

(-80%) 

>1 ns 

(-20%) 

  

 To further investigate these observations, the transient dynamics are monitored 

at different probe wavelengths. In Figure 4.9C, the kinetic profiles of CdSe 1S 

excitons are compared in the absence and presence of SnSe. The rise and decay of this 

signal are much faster than that of pristine CdSe, despite the high intensity of the HS 

signal. One can elucidate from this the observation that, the greater charge carrier 

population in the CdSe region in a shorter time scale eventually gets depleted in the 

presence of SnSe in the HS (which is actually very much thermodynamically viable).   
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Figure 4.9. Transient absorption spectra of the (A) SnSe/CdSe HS at different probe 

delays. (B) Comparative transient spectra of CdSe, SnSe, and the HS at 1 ps probe 

delay time. Comparative dynamic profiles of CdSe and SnSe/CdSe HS for (C) 1S 

exciton and (D) band edge bi-exciton. The experiments were carried out after exciting 

at 350 nm. 

Table 4.5. Kinetic fitting parameters at excitonic bleach and biexciton position for 

CdSe QDs and SnSe/CdSe HS system under 350 nm pump excitation with 200µJ/cm
2
 

laser fluence. 

System Probe λ(nm) τg τ1 τ2 τ3 τ4 

CdSe 

560 

1S bleach 

0.46ps 

(100%) 

12ps 

(-39.1%) 

145ps 

(-14.1%) 

>1ns 

(-46.8%)  

604 

Biexciton 

0.16ps 

(100%) 

0.47ps 

(-100%) 

1.3ps 

(17.2%) 

8.6ps 

(82.2%) 

>1ns 

(-100%) 

SnSe/ 

CdSe HS 

549nm 

1S bleach 

0.26ps 

(100%) 

1.99ps 

(-85.5%) 

22ps 

(-14.5%) 

 

  

590nm 

Biexciton 

0.24 

(100%) 

4.35 ps 

(-65.9%) 

160 ps 

(-18.0%) 

>1ns 

(-16.1%)  
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These charge carriers present in CdSe during a shorter time scale can be extracted for 

photovoltaic device applications. Now the question is why the charge carrier 

population gets enhanced in the first place. To find out that, we excited the samples 

with lower pump energy (400 nm) and compared all the dynamical features with 350 

nm pump excitation data (Figure 4.10). In 400 nm excitation, the dynamics of 1S 

exciton is quite faster than that of pristine CdSe, but the signal intensity was found to 

be lower (Figure 4.10 B, C). 

Scheme 4.1 Schematic Illustration of the different processes taking place in 

SnSe/CdSe heterostructure system upon (A) 350 nm and (B) 400 nm pump excitation. 

Here (a) corresponds to the transfer of hot carriers (both electrons and holes) from 

SnSe to the CdSe system and (b) implies the back transfer of band edge electrons and 

holes from CdSe to SnSe which is a thermodynamically viable process.  

 

 This means for 350 nm excitation SnSe charge carriers are excited to higher 

energy states and get delocalized into the CdSe levels. This charge transfer results in 

higher signal intensity of CdSe excitonic bleach in the HS. For 400 nm excitation, this 

probability of hot carrier transfer is lower and that is why we end up with lower 

intensity bleach signals in HS as compared to that of 350 nm excitation (Scheme 

4.1B).  Similarly, for the bi-excitonic feature, the signal intensity is much higher 

(almost four times) in the case of HS as compared to that of pristine CdSe (Figure 

4.9D).    
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Figure 4.10. Transient absorption spectra of the (A) SnSe/CdSe HS at different probe 

delays. (B) Comparative transient spectra of CdSe, and SnSe/CdSe HS at 1 ps probe 

delay time. Comparative dynamic profiles of CdSe and SnSe/CdSe HS for (C) 1S 

exciton and (D) band edge bi-exciton. The experiments were carried out after exciting 

at 400 nm laser pulse. 

Table 4.6. Kinetic fitting parameters at excitonic bleach and biexciton position for 

CdSe QDs and SnSe/CdSe HS system under 400 nm pump excitation with 200µJ/cm
2
 

laser fluence. 

System Probe λ(nm) τg τ1 τ2 τ3 τ4 

CdSe 558 

1S bleach 

0.25 

(100%) 

8ps 

(-32.4%) 

120ps 

(-14.9%) 

>1ns 

(-52.7%) 

 

604 

Biexciton 

0.12ps 

(100%) 

0.39ps 

(-100%) 

1.25 

(25%) 

7ps 

(75%) 

>1ns 

(-100%) 

SnSe/ 

CdSe HS 

549 

1S bleach 

0.16 

(100%) 

1.8ps 

(-77.1%) 

11.4ps 

(-17.7%) 

>1ns 

(-52%) 

 

590 

Biexciton 

0.12ps 

(100) 

0.38ps 

(-68.8%) 

23.2ps 

(-21.9%) 

>1ns 

(-9.3%) 
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 On the other hand, the increment of the bi-excitonic signal is only 2 times higher 

in HS as compared to CdSe after 400 nm excitation (Figure 4.10D). Interestingly, the 

dynamics of the bi-exciton signal are very different from the pristine one for 400 nm 

excitation Table 4.6. The decay of this signal is very slow and never gets decayed into 

excitonic forms like typical bi-excitonic signatures. It is true for both 350 and 400 nm 

photo-excitations. We assume that, immediately after the formation of the bi-excitonic 

features, the corresponding charge carriers get trapped in the SnSe/CdSe interfacial defect 

states and decay slowly. This slow decay time of bi-exciton/trapped carriers could be 

crucial for photonic devices as the charge carriers can now be easily extracted in that long 

period and would improve the device's performance.  

4.3. Conclusion 

 In summary, we have successfully synthesized SnSe/CdSe HS by hot injection 

followed by the cation exchange method for the first time. The structural, 

morphological, optical, and CV studies reveal the formation of heterostructure with 

type I band alignment. The epitaxial growth of the (400) plane of SnSe along the 

(111) plane of CdSe has been confirmed through HRTEM analysis. CV measurements 

elucidated distinct cathodic and anodic peaks and estimated electrochemical band 

bandgap. We have studied band alignment and band offset for a clear understanding 

of the concurrent carrier transport mechanism at and across the SnSe/CdSe HS. The 

charge carrier dynamics of photoexcited bare SnSe and CdSe systems as well as in 

SnSe/CdSe HS system were explored using femtosecond TA spectroscopy. The bi-

exciton signal was found to be significantly enhanced in the HS as compared to 

pristine CdSe QDs owing to the rapid transfer (delocalization) of hot carriers from 

SnSe to CdSe. Moreover, this biexciton signal does not get dissociated into excitons 

following its regular decay manner. Rather these biexcitons get trapped in the 

interfacial trap states and decay at a very slow rate. This enhances the charge carrier 

extraction probability and would be of immense help for the device applications. 

Subsequent fast recovery of band edge bleach in SnSe/CdSe HS confirms the efficient 

charge separation process that occurred from CdSe to SnSe owing to the 

thermodynamic viability of type 1 arrangement. The successful synthesis of a SnSe-

based heterostructure system using a facile and economical cation exchange method 

will have immense potential for low-cost next-generation Sn-based high-efficiency 

solar cells, photoelectrochemical cells, and photodetector devices. 
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CHAPTER 5 
 

Efficient Hot Electron Transfer and 

Extended Separation of Charge 

Carriers at the 1P Hot State in 
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Abstract 

Utilization of hot carriers is crucial in improving the efficiency of solar energy 

devices. In this work, we have fabricated Sb2Se3/CdSe p-n heterojunction via the 

cation exchange method and investigated the possibility of hot electron transfer and 

relaxation pathways through ultrafast spectroscopy. The enhanced intensity of CdSe 

hot excitonic (1P) bleach in a heterostructure system confirmed the hot electron 

transfer from Sb2Se3 to CdSe. Both the 1S and 1P signals are dynamically very slow 

in the hetero-system, validating this charge migration phenomenon. Interestingly, the 

recovery of the 1P signal is much slower than that of 1S. This is very unusual as 1S is 

the lowest energy state. This observation indicates the strength of hot electron transfer 

in this unique heterojunction, which helps in increasing the carrier lifetime in the hot 

state. Extended separation of charge carriers and enhanced hot carrier lifetime would 

be extremely helpful in extracting carriers and boosting the performance of opto-

electronic devices.   
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5.1. Introduction 

To address the issue of rising global energy demands, the utilization of renewable and 

clean solar energy is highly required.
1
  Recently, quantum dots (QDs) heterostructure 

have emerged as promising candidates for next-generation solar cells as they exhibit 

unique properties such as broad absorption coefficient, tunable bandgap, and multiple 

exciton generation with single photon absorption.
2,3

 In addition, quantum dot solar 

cells (QDSCs) present a theoretically predicted power conversion efficiency (PCE) of 

45% in a single-junction QDSC and up to 66% in a multiple-junction QDSC as a 

result of efficient multiple-exciton generation and hot-electron extraction, with the 

potential to exceed the Shockley- Queisser limit.
4-6 

Recently, antimony chalcogenides 

(Sb2X3, X=S, Se) QD-based heterostructures have attracted overwhelming attention as 

light harvesters in the field of photovoltaic and photocatalytic applications.
7,8

 Sb2Se3 

is a p-type semiconductor having fascinating properties such as low toxicity
9 

and 

cost
10

, high abundance, high chemical stability
11

, high absorption coefficient (10
5
 cm

-

1
)
12

,  narrow band gap (1.1-1.3 eV), and considerable carrier mobility (~10 cm
2
V

-1
s

-

1
).

13
 Until now, the highest PCE of Sb2X3, (X=S, Se) solar cells has been reported to 

be 7.5% and 9.2%  respectively
14,15

,
 
which is far below the theoretically predicted 

efficiency of 32% for Sb2X3, (X=S, Se) based solar cells. This is due to the presence 

of a high concentration of interfacial defect states, which results in fast trapping and 

recombination of the charge carriers in the Sb2X3 materials.
16 

Also, the excessive 

energy of carriers greater than the bandgap of the semiconductor is lost to heat due to 

the rapid cooling of hot carriers through the emission of phonons. Extraction of these 

hot carriers is considered to be a promising way to overcome this loss. To resolve all 

these issues, the fabrication of heterojunction with type II band alignment of 

semiconductors has been considered to be a convincing method as it offers broad 

wavelength tunability, better separation and extraction of charge carriers and their 

longer lifetime, thus suppressing the deleterious recombination rate of the 

photogenerated electron and hole.
17

 With this approach, charge carriers can be 

spatially separated in the heterojunction as a result of decreases in coulombic 

interaction between electrons and holes. It facilitates the transport of the charge 

carriers that can be efficiently extracted and utilized which is essential for the 

betterment of device performance.
18

 The heterojunction of Sb2Se3 with CdSe has 

attained enormous attention which we have synthesized via low-cost cation exchange 
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method. Cation exchange is an effective technique to synthesize heterostructures as it 

provides proper band alignment, adjustable shape, and size by changing the 

constituents and experimental conditions.
19-21

 CdSe is a wide bandgap n-type 

semiconductor which is widely used for optoelectronic applications. However, owing 

to the fast recombination of charge carriers and toxicity of CdSe,
22-23

 it is important to 

make its heterostructure with less toxic and p-type Sb2Se3 semiconductor to improve 

the charge separation and reduce the toxicity.  It forms a type II band structure with p-

type Sb2Se3 resulting in the formation of a p-n junction which is helpful for efficient 

spatial separation of photoinduced electron-hole pairs due to in-built electric fields 

that are favourable for the improved performance of QDs-based photovoltaic devices. 

Earlier Wang et al. reported the synthesis of ZnSe/Sb2Se3 hollow microspheres coated 

by nitrogen-doped carbon with enhanced sodium ion storage capability using the 

cation exchange method.
24 

There are few reports available on Sb2Se3/CdSe-based 

solar cells but the efficiency is far less than the theoretically predicted limit.
2 

Guo et 

al., reported the improved efficiency of 4.5% for Sb2Se3/CdSe solar cells.
25

 To further 

improve the performance of the device, it is of utmost importance to understand the 

fundamental properties of the photogenerated electron and hole pairs at the interface 

like interfacial charge transfer, carrier trapping, relaxation, and recombination 

process.  However, to the best of our knowledge, these studies have not been explored 

in detail for Sb2Se3/CdSe p-n heterojunction.    

 In this chapter, we have successfully synthesized Sb2Se3/CdSe p-n 

heterojunction and investigated the charge transfer and relaxation mechanism through 

femtosecond transient absorption (TA) spectroscopy. TA studies reveal the transfer of 

hot electrons from Sb2Se3 to CdSe, resulting in extensive charge separation at the hot 

CdSe states. Our study confirmed the efficient spatial separation of the electrons and 

holes at the interface of Sb2Se3 and CdSe which is highly desired for the efficient 

performance of any photovoltaic and photocatalytic device. 

5.2. Results and discussion 

5.2.1. Synthesis and characterizations 

The synthesis of Sb2Se3/CdSe heterostructure was carried out via partial cation 

exchange of pre-synthesized CdSe QDs with Sb
3+

cations. In the presence of excess 

Sb
3+ 

ions, the CdSe quantum dots are completely converted into Sb2Se3. The overall 
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method to fabricate Sb2Se3/CdSe heterostructure and pure Sb2Se3 QDS from CdSe 

QDs is illustrated in Figure 5.1. Briefly, CdSe QDs are prepared via the facile hot 

injection method as reported in our previous work. Next, Sb2Se3/CdSe heterostructure 

is synthesized via a partial cation exchange reaction during which the Sb
3+

 cations 

substitute for Cd
2+

. Initially, the Cd
2+

 ion is exchanged with the Sb
3+

 ion, which 

results in the charge imbalance in the CdSe QDs. To balance the charge on the QD 

surface, more Cd
2+ 

ions diffused out from the QD surface to balance the overall 

charge of CdSe, which leads to the formation of more Cd
2+

 vacancies in the CdSe 

QDs. 

 

Figure 5.1. Schematic diagram illustrating the synthetic process of Sb2Se3/CdSe 

heterostructure and Sb2Se3 from CdSe QDs. 

 Simultaneously, Sb
3+ 

ions entering the CdSe host lattice react with the 

neighbouring Se
2 –

 ions to form Sb2Se3. The sufficient concentration of Sb
3+

 ion leads 

to the insertion of more Sb
3+

 ions which will force more Cd
2+ 

ions to detach out of 

CdSe QDs surface. So, a cascade of reactions is started at one side of the CdSe QD 

surface, resulting in the formation of the Sb2Se3/CdSe heterostructure.
26 

Furthermore, 

an excess amount of Sb
3+

 cations results in the complete conversion of CdSe QDs 

resulting in the formation of Sb2Se3 QDS as shown in Figure 5.1. The cationic radii of 

Sb
3+

 and Cd
2+

 are similar and therefore helpful to accelerate the cation exchange 

reaction. Transmission electron microscopy (TEM) and high-resolution transmission 

electron microscopy (HRTEM) analysis were carried to find out the morphology and 

size of pure CdSe, pure Sb2Se3, and Sb2Se3/CdSe heterostructure. The representative 

TEM images of the prepared samples are displayed in Figure 5.2. TEM images of 

CdSe and Sb2Se3 QDs (Figure 5.2 A, B) reveal the uniform size of particles with an 

average diameter of ~ 3.8 nm as calculated from the size distribution histogram 

(Figure 5.3) which is consistent with the earlier reports.
27 

As shown in Figure 5.2C,
 

Sb2Se3/CdSe hetero-structure exhibits spherical morphology as that of CdSe 
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indicating that the structure and size are well retained during the cation exchange 

process. The TEM image displays an average diameter of ~ 4 nm for Sb2Se3/CdSe 

QDs. The slight increase in size of CdSe is due to the formation of hetero-structure 

with Sb2Se3. Further, HRTEM images of the heterojunction clearly indicate that the 

Sb2Se3 and CdSe phases having clear interface as indicated in Figure 5.2F. 

 

Figure 5.2. TEM and HRTEM images of bare CdSe QDs (A, D); Sb2Se3 QDs (B, E); 

Sb2Se3/CdSe heterostructure (C, F); inset of Figure 5.2F: enlarged view of 

Sb2Se3/CdSe heterostructure. XPS analysis of Sb2Se3/CdSe heterostructure: high-

resolution scan of (G) Sb 3d5/2, 3d3/2 (H) Cd 3d5/2, 3d3/2, (I) Se 3d5/2, Se 3d3/2 signals.  

 The lattice fringes with an interplanar spacing of 0.32 nm and 0.35 nm, are 

assigned to (302) crystal plane of orthorhombic Sb2Se3 and (111) plane of cubic CdSe 

QDs, respectively. This type of intimate interfacial contact is helpful for the charge 

transfer at the interface between Sb2Se3 and CdSe QDs. Because of the small lattice 

mismatch between the two crystal lattice planes of Sb2Se3 and CdSe QDs, there is a 

high possibility of epitaxial growth of Sb2Se3 over CdSe QDs resulting in the 

formation of Sb2Se3/CdSe hetero-structure as revealed by HRTEM images. Moreover, 
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the presence of Sb2Se3 in the Sb2Se3/CdSe heterostructures has been established 

through X-ray photoelectron spectroscopy (XPS), and the elemental chemical states 

and binding energies of the elements were probed. 

 

Figure 5.3. Particle size distribution of (A) CdSe QDs, (B) Sb2Se3 QDs, and (C) 

Sb2Se3/CdSe heterostructure. 

 A high-resolution XPS study clearly confirms all Sb, Cd, and Se elements in 

the heterostructure. The high-resolution scan of Cd 3d is shown in Figure 5.2H. The 

binding energies of Cd3d in heterojunction measured at ~ 405.1 and 411.9 eV, 

attributed to Cd 3d5/2 and Cd 3d3/2 respectively. Figure 5.2G exhibited two significant 

peaks at 532 and 540 eV, which can be assigned to 3d3/2 and 3d5/2 orbitals of Sb, 

respectively. The core level Se 3d5/2 and Se 3d3/2 peaks are located at 53.8 and 54.7eV 

(Figure 5.2I) indicating the presence of Se in the 2- oxidation state.  All the detected 

binding energy values are well-matched with the previous reports.
28-30

 The detailed 

XPS measurements of pristine CdSe and Sb2Se3 QDs have been provided in Figure 

5.4 and Figure 5.5, respectively.  

 

 

Figure 5.4. (A) XPS survey spectra and high resolution XPS spectra of (B) Cd 3d5/2, 

3d3/2 (C) Se 3p signals for CdSe sample.  
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Figure 5.5. XPS survey spectra of (A) Sb2Se3 QDs, high-resolution XPS scan of (B) 

Sb 3d, and (C) Se 3d, signals for Sb2Se3 QDs.  

 The composition of the heterostructure was verified by energy dispersive X-

ray spectroscopy (EDX) attached to TEM. The EDX spectroscopic images of 

Sb2Se3/CdSe hetero-structure show incorporation of Sb as shown in Figure 5.6. The 

crystal structure of the as-prepared Sb2Se3, CdSe QDs, and Sb2Se3/CdSe 

heterostructure system are determined using the powder X-ray powder diffraction 

(XRD). The XRD pattern of bare CdSe QDs, Sb2Se3 QDs, and Sb2Se3/CdSe 

heterostructure are shown in Figure 5.7. The CdSe QDs show diffraction peaks at 

25.1°, 45.2°, 53.6°, and 65.9°, which are well consistent with the (111), (220), (311), 

and (331) crystal planes of zinc blende phase of CdSe (JCPDS No: 00-019-0191) as 

indicated in Figure 5.7Aa.
31

 The XRD pattern of Sb2Se3 QDs (Figure 5.7Ab) 

demonstrate its orthorhombic crystal structure
32

 (JCPDS No. 15-0861) with lattice 

constants a=11.79, b=3.985, c=11.64. The diffraction peaks at 2θ ~23.7°, 27.4°, 31.7°, 

34.12°, 38.5°, 41.2°, 45.19°, 54.79°, 56.8°, 58.9°, 63.8°, 67.09°, 68.6°, 73.7°, 76.3° 

have been indexed to the (011), (302), (104), (204), (304), (502), (115), (322), (406), 

(422), (704), (620), (714), (517), and (814) diffraction planes of Sb2Se3 QDs The 

XRD peaks of Sb2Se3/CdSe heterojunction shown in Figure 5.7Ac comprises planes 

of both orthorhombic Sb2Se3 as well as cubic CdSe, which clearly confirms the 

formation of heterostructure between Sb2Se3 and CdSe QDs. No impurity peaks 

related to Cd, Se, and Sb were found in the heterostructure, which indicates the 

formation of high purity Sb2Se3/CdSe heterostructure.  
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Figure 5.6. Energy dispersive X-ray spectrum of Sb2Se3/CdSe heterostructure. Inset: 

Observed atomic percentage of Sb, Cd, and Se. 

5.2.2. Optical studies 

 The optical properties of the as-prepared materials have been explored by UV-

VIS absorption spectroscopy. Figure 5.7B illustrates the absorption spectra of Sb2Se3 

QDs, CdSe QDs, and Sb2Se3/CdSe heterojunction in toluene. The CdSe QDs exhibit 

discrete excitonic peaks at 563 nm and 454 nm, attributed to 1S3/2(h)-1S(e), 1S and 

1P1/2(h)-1P(e), 1P electronic transitions.
33 

The steady-state optical absorption 

spectrum of Sb2Se3 displays a broad absorption in the range of 300-800 nm.
34 

We did 

not observe any distinguishable peak for Sb2Se3 due to the absence of quantum 

confinement as a result of a small Bohr exciton radius.
35 

To find the bandgap of 

Sb2Se3, a tauc plot was performed, and the band gap was determined to be 1.5 eV as 

shown in Figure 5.7B inset. Bandgap values were determined by extrapolating the 

linear region of the higher photon energy to the x-axis (α = 0). The calculated 

bandgap is found to be more than the reported bulk bandgap of 1.1-1.2 eV, this might 

be due to a decrease in the size of the particles.
  

In the presence of Sb2Se3, it is 

observed that the lowest exciton band of CdSe QDs is red-shifted from 563 nm to 587 

nm and its photoluminescence (PL) band shifts from 587 nm to 601 nm in the 

heterostructure.
36, 37

 The redshift is attributed to decrease in confinement and 

additional strain due to the growth of Sb2Se3 on the seed CdSe. 
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Figure 5.7. (A) Powder X-ray diffraction pattern of (a) CdSe QDs, (b) Sb2Se3 QDs, 

and (c) Sb2Se3/CdSe heterostructure; JCPDS lines are also specified; (B) Steady-state 

optical absorption spectrum of (a) CdSe QDs, (b) Sb2Se3 QDs, and (c) Sb2Se3/CdSe 

heterostructure; Inset: tauc plot of Sb2Se3; (C) Steady-state PL spectra of (a) CdSe 

QDs, (b) Sb2Se3 QDs, and (c) Sb2Se3/CdSe heterostructure, upon 400 nm 

photoexcitation; (D) Energy level positions of Sb2Se3 QDs and CdSe QDs as 

calculated from both the XPS spectra and the Tauc plot. 

 

Figure 5.8. Time-resolved photoluminescence (PL) measurements for CdSe and 

Sb2Se3/CdSe heterostructure after exciting the samples at 402 nm and lifetime is 

monitored at 587 nm and 601 nm for CdSe QDs and Sb2Se3/CdSe heterostructure, 

respectively. 
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Table 5.1: Fitting components of time-resolved luminescence for CdSe QDs and 

Sb2Se3/CdSe heterostructure monitored at 587 nm and 601 nm, respectively upon 402 

nm excitation. 

System  
τ1 

(ns) 

A1 

(%)
 

τ2 

(ns) 

A2 

(%) 

τ3 

(ns) 

A3 

(%) 

τavg 

(ns) 

χ
2 

CdSe QDs  

(587 nm)  

10 19.85 32 65.34 142 14.8 22 1.18 

Sb2Se3/CdSe 

Heterostructure 

(601 nm) 

1.25 21.69 9.67 39.72 55.8 38.59 5 1.15 

Table 5.2. Summarized Data for XPS valence band spectra and the Band Structure   

Parameters (VB vs NHE, CB vs NHE, VB vs Vacuum (Vac), CB vs Vac, and (Eg) 

Bandgap). 

Sample  VB vs NHE CB vs NHE VB vs Vac CB vs Vac Eg (eV) 

Sb2Se3 -0.25 -1.75 -4.25 -3.75 1.5 

CdSe 0.56 -1.64 -5.06 -2.86 2.2 

Moreover, the presence of Sb2Se3 results in an increased absorption of CdSe in 

Sb2Se3/CdSe in the near-infrared (NIR) region, suggesting strong interaction between 

Sb2Se3 and CdSe in the heterojunction. The corresponding steady-state PL emission 

spectra of bare Sb2Se3 and CdSe quantum dots as well as Sb2Se3/CdSe heterostructure 

are shown in Figure 5.7C. CdSe QDs exhibit a PL peak at 587 nm, which 

corresponds to the bandedge or excitonic emission having a small full width at half 

maximum of 18 nm, indicating the formation of monodisperse QDs. The sharp PL in 

CdSe QDs is due to the radiative recombination of photogenerated bandedge electron 

and hole pairs.  The PL intensity of CdSe QDs is greatly quenched in the presence of 

Sb2Se3, attributed to the transfer of holes from the valence band (VB) of CdSe to  

VB of Sb2Se3 which is a thermodynamically feasible process according to the type II 

band alignment of Sb2Se3/CdSe heterostructure as shown in Figure 5.7D. We did not 

find any PL emission peak from bare Sb2Se3 QDs in the given spectral region. The 

absence of excitonic emission in Sb2Se3 is due to the presence of anionic surface 

which acts as a trap for the charge carriers.
32 

Apart from CdSe excitonic PL, the 

spectra of heterostructure show an additional broad peak in the range 680-800 nm, 

which can be attributed to defect-induced PL.
38 
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 To monitor the hole transfer process, the lifetime is monitored at PL maxima 

for both pure CdSe and Sb2Se3/CdSe heterostructure systems using a time-correlated 

single photon counting (TCSPC) system as shown in Figure 5.8. The average lifetime 

of CdSe QDs gets reduced from 22 ns to 5 ns in the presence of Sb2Se3 in 

Sb2Se3/CdSe heterostructure (Fitting components in Table 5.1), ascribed to the 

transfer of photo-excited holes from CdSe to Sb2Se3 which is a thermodynamically 

favourable process.  The PL quantum yield (PLQY) of CdSe and Sb2Se3/CdSe QDs is 

calculated to be 25% and <1%, respectively. In Figure 5.7D, we presented the 

relative band structure positions of Sb2Se3 and CdSe QD systems with the help of 

UV-VIS absorption and XPS spectra. The valence band maximum (VBM) positions 

of the Sb2Se3 and CdSe QDs are found to be -0.25 and 0.56 eV, respectively, as 

determined from extrapolation of the onset in the XPS valence band spectra (Figure 

5.9). The conduction band minima (CBM) of the Sb2Se3 and CdSe QDs were 

calculated to be -1.65, and -1.64 eV, respectively, combining the optical band gap and 

the VBM position (Table 5.2). Based on the above investigation, the possible energy 

band structure between Sb2Se3 and CdSe forms the type II band alignment as shown 

in Figure 5.7D.  

 

Figure 5.9. Determination of valance band positions of (A) Sb2Se3 QDs and (B) CdSe 

QDs from the XPS valence band spectra. 

5.2.3. Transient absorption studies  

To elucidate the photophysics of excited charge carriers such as cooling, charge 

trapping and transfer as well as charge recombination pathways involved at the 

junction between Sb2Se3 and CdSe QDs on an ultrafast time scale, the femtosecond 

transient absorption spectroscopy has been employed.
39

 The transient absorption 
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technique is a powerful tool to monitor the excited state dynamics of single QDs as 

well as heterostructure systems.
40-43 

Such a detailed analysis can assist in achieving an 

understanding of the different photophysical processes involved and possible transfer 

mechanisms, namely, the charge-transfer route at the interface that also governs their 

future applications. The TA spectra of Sb2Se3, CdSe QDs, as well as Sb2Se3/CdSe 

heterostructure, have been recorded in the visible region. All the experimental 

conditions were kept the same throughout the experiments. Figure 5.10(A) shows the 

differential absorption spectra of the Sb2Se3 QDs after photo-excitation with 410 nm 

laser pulse as a function of different pump-probe delay times. The transient spectra 

show a positive absorption band in the 500-675 nm region with a peak around 605 

nm. The positive signal that appears in the transient absorption spectra of the Sb2Se3 

QDs can be attributed to the trapped charge carriers (both electrons and holes).
44 

 It is found that no transient bleach is observed in pure Sb2Se3, due to the high 

density of trap states in the Sb2Se3 QDs. In our earlier investigations, we detected 

similar kinds of photo-induced absorption (PIA) for Sb2Se3 film resulting from the 

presence of different kinds of traps in the system.
45 

The kinetic data can be fitted 

multi-exponentially as shown in Figure 5.10D, and the fitting parameters are given in 

the supporting information (Table 5.3). The growth kinetics for Sb2Se3 QDs at 605 

nm is fitted with a single exponential component which is instrument response 

function (IRF) limited and decay kinetics is fitted multi-exponentially with time 

components of 4 ps, 22 ps, and >1ns. The decay dynamics of the transient absorption 

signal can be attributed to the trapping and recombination dynamics of the photo-

generated charge carriers. The TA spectra of the photoexcited pristine CdSe QDs and 

Sb2Se3/CdSe heterostructure at different time delays are shown in Figure 5.10 (B, C). 

On comparing the TA spectrum of Sb2Se3/CdSe with that of CdSe, we observed some 

interesting spectral differences. 

 The TA spectra of CdSe show three distinct features, two photobleaching 

signals with maxima at 563 nm and 470 nm, attributed to bandedge (1S) and hot state 

(1P) excitonic bleaches as discussed in the steady state absorption spectra, and a 

positive absorption signal in the red region after 563 nm bleach ascribed to stark 

induced biexciton effect.
46-48
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Figure 5.10. Transient absorption spectra of (A) Sb2Se3 QDs, (B) CdSe QDs, and (C) 

Sb2Se3/CdSe hetero-structure at different probe delay following photoexcitation of a 

410 nm. laser pulse with 200 μJ/cm
2
 laser fluence; (D) Transient decay kinetics of 

photo-induced absorption signal of Sb2Se3 QDs monitored at 605 nm; (E) Bleach 

recovery kinetics of 1P excitonic bleach at 470 and 490 nm for CdSe QDs and 

Sb2Se3/CdSe heterostructure respectively; and (F) Bleach recovery kinetics of 1S 

excitonic bleach at 563 and 587 nm for CdSe QDs and Sb2Se3/CdSe heterostructure 

respectively.  

 To follow the charge carrier dynamics, carrier cooling, charge transfer, and 

recombination dynamics, we have carried out the temporal analysis of pure CdSe 

QDs, Sb2Se3 QDs as well as Sb2Se3/CdSe heterostructure systems at different 

wavelengths. We have monitored the  transient decay kinetics at both bandedge (1S) 

and hot exciton (1P) bleach for bare CdSe and Sb2Se3/CdSe heterostructure upon 
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photoexcitation with 410 nm pump pulse and are shown in Figure 5.10 (E) and (F), 

respectively. 

Table 5.3. Kinetic fitting parameters of PIA signal of Sb2Se3 QDs, excitonic bleach, 

and bi-excitonic position for CdSe QDs and Sb2Se3/CdSe heterostructure system upon 

410 nm pump excitation with 200µJ/cm
2
 laser fluence. 

System τg τ1 τ2 τ3 

Sb2Se3 (612nm) 
<100fs 

(100%) 

4ps 

(62.7%) 

22ps 

(17.3%) 

>1ns 

(20%) 

 CdSe (1S) 
0.34ps 

(-100%) 

8ps 

(48.5%) 

123ps 

(23.5%) 

>1ns 

(28%) 

Sb2Se3/CdSe 

Heterostructure (1S) 

0.5 ps 

(-100%) 

10ps 

(50%) 

150ps 

(13.5%) 

>1ns 

(36.5%) 

  CdSe (1P) 
<100fs 

(-100%) 

3ps 

(86%) 

60ps 

(8%) 

>1ns 

(6%) 

Sb2Se3/CdSe 

Heterostructure (1P) 

165fs 

(-100%) 

5ps 

(70%) 

100ps 

(5.8%) 

>1ns 

(24.2%) 

The transient kinetics at 1S bleach of CdSe is fitted with single exponential growth 

with a time constant of 0.34 ps and multi-exponential decay listed in Table 5.3. The 

1P bleach of CdSe is fitted with a fast growth time which is IRF limited.  

 Now to understand the carrier dynamics of the photo-excited carriers involved 

across the p-n junction of Sb2Se3/CdSe heterostructure at an ultrafast time scale, we 

have monitored the kinetics of the bleaches at 587 nm (1S), 490 nm (1P) in 

heterostructure system and compared with that of bare CdSe QDs. The decay kinetics 

of CdSe in heterostructure is significantly affected in the presence of Sb2Se3. Figure 

5.10 (E) shows the kinetics of hot exciton (1P) bleach of CdSe QDs in the presence 

and absence of Sb2Se3. It is interesting to observe that the intensity of 1P bleach of 

CdSe increased almost two times in the presence of Sb2Se3, moreover, it becomes 

broad as compared to 1P bleach of CdSe QDs (Figure 5.10B and 5.10C). This can be 

attributed to the delocalization/transfer of photogenerated hot electrons from the upper 

excitonic states of Sb2Se3 to the 1P hot state of CdSe. There is a competition between 

the hot electron transfer and the trapping process in the Sb2Se3/CdSe heterostructure. 

It is found that the growth of 1P bleach of Sb2Se3/CdSe heterostructure is 165 fs 
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which is found to be slower as compared to the growth of pure CdSe QD (<100 fs). 

As the growth is assigned to charge carrier cooling from upper excitonic states to the 

conduction band edge, so here, the observed slower growth and increase in intensity 

of 1P bleach in the Sb2Se3/CdSe heterostructure system clearly suggests that instead 

of trapping in the defect states present in Sb2Se3 QDs, the hot electrons get transferred 

from photo-excited states of Sb2Se3 to hot state of CdSe as the relative population of 

carriers in hot state of CdSe is much higher in heterojunction as compared to bare 

CdSe. Thus, the hot electron transfer at the Sb2Se3/CdSe interface is more dominant 

than the trapping process. The decay of transient bleach has been fitted multi-

exponentially with time constants provided in the supporting information (Table 5.3). 

We have observed slow recovery of 1P and 1S bleach of CdSe in the presence of 

Sb2Se3 as compared to that of pure CdSe QDs as shown in Figure 5.10E. Recovery of 

1S and 1P bleach portrays the depopulation of bandedge and excited state electrons. 

The signal intensity of 1P bleach does not decay even after 2 ns. The slow recovery of 

1P bleach is attributed to the spatial separation of photogenerated charge carriers as a 

result of the decoupling of electrons and holes in the heterojunction, the electron 

being in CdSe and the hole in Sb2Se3. Since, coulombic interaction between electrons 

and holes decreases and they recombine slowly, as a result, the hot carriers in the 1P 

state of CdSe have a longer lifetime in the presence of Sb2Se3, thus these hot carriers 

can be extracted and are crucial for the improvement of efficiency of any device as 

shown in Scheme 5.1. Similarly, we have observed the slower growth of 1S bleach in 

Sb2Se3/CdSe heterostructure with a growth time constant of 500 fs and 340 fs in the 

presence and absence of Sb2Se3, respectively. Besides this, slow decay of 1S bleach 

was observed in the heterostructure system as shown in Figure 5.10F. This slow 

decay time of hot carriers could be crucial for any photonic devices as now the charge 

carriers can be easily extracted and would improve the performance of the devices.  

Near band edge excitation: We have further excited the samples on the lower-energy 

side (pump wavelength ~750 nm, energy ~1.65eV), keeping the density of injected 

carriers the same as that of 410 nm pump excitation. At this pump wavelength, CdSe 

does not get excited (the band gap of CdSe QDs ∼2.2 eV), however electrons and 

holes are generated in the Sb2Se3 domain as the energy of the pump is higher as 

compared to the bandgap of Sb2Se3 (Eg = 1.5 eV). Figure 5.11A, B shows the TA 

spectra of Sb2Se3/CdSe heterostructure upon 750 nm pump excitation and transient 
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kinetic trace monitored at 587 nm probe wavelength. The appearance of instantaneous 

broad bleach (530-640 nm) clearly confirms the transfer of electrons from the Sb2Se3 

to the CdSe domain in the heterostructure which is a thermodynamically feasible 

process according to the band alignment (Figure 5.7D) and fitting components for 

bleach are given in Table 5.4. The bleach in the region between 530-640 nm appears 

possible only when the electrons are present at bandedge states of CdSe. The recovery 

of heterostructure bleach is faster for 750 nm photoexcitation as compared to when 

excited with 410 nm pump excitation. This observation can be attributed to the fact 

that two channels are available for electrons. The electrons can migrate from Sb2Se3 

to CdSe band edge states but also there is a possibility of their trapping in defect states 

present in Sb2Se3 as well as at the interface. The positive signal with a peak at 486 nm 

is attributed to the trapped carriers.  As the electrons upon 750 nm, photoexcitation 

has lower energy and are excited to near bandedge, lying close to the trap states, so 

the possibility of trapping of electrons is higher upon 750 nm photoexcitation as 

compared to when excited with 410 nm pump pulse. Here, we did not get excited state 

bleach (1P) of CdSe, as the energy of the 750 nm pump is not enough to generate 

excessive hot carriers which otherwise is possible for 410 nm pump excitation. This 

observation clearly indicates the transfer of electrons from Sb2Se3 to CdSe QDs in the 

Sb2Se3/CdSe heterostructure system (Scheme 5.2). Extraction of hot carriers are 

significant for hot carrier solar cells and other optoelectronic devices, which can 

extend PCE beyond the Shockley-Queisser limit of ∼30% and 60% for single and 

multi-junction solar cells, respectively. 

 

Figure 5.11. (A) Transient absorption spectra of the Sb2Se3/CdSe heterostructure at 

different probe delays following photoexcitation with 750 nm laser pulse; and (B) 

Transient decay kinetics of negative bleach signal probed at 587 nm.  
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Scheme 5.1. Simple Schematic representing the electron and hole transfer at the 

interface of Sb2Se3/CdSe heterostructure, for high energy (3.0 eV) pump excitation. 

 

Table 5.4. Kinetic fitting parameters at excitonic bleach position in Sb2Se3/CdSe 

heterostructure system under 750 nm pump excitation. 

System  τg τ1 τ2 

Sb2Se3/CdSe  

Heterostructure (587 nm) 

<100fs 

(100%) 

1.8ps 

(94.2%) 

>1ns 

(6.2%) 

Scheme 5.2. Schematic Illustration of the different processes taking place in 

Sb2Se3/CdSe heterostructure system upon 750 nm pump excitation. 
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5.3. Conclusion 

In summary, we have fabricated Sb2Se3/CdSe p-n heterojunction through the cation 

exchange process for the very first time and explored their interfacial photophysical 

processes with the help of ultrafast transient absorption spectroscopy. HRTEM 

images clearly suggest an intimate contact between Sb2Se3 and CdSe in the hetero-

system, substantiating the formation of the p-n heterojunction. The PL measurements 

indicated the hole transfer from CdSe to Sb2Se3, which was thermodynamically viable 

considering their respective band positions. In the transient study, the heterosystem 

consisted of both the signature of Sb2Se3 and CdSe. Though the visible range transient 

spectra were primarily dominated by the CdSe bleach signals covering most of the 

region, with a small positive hump of Sb2Se3 at the red wing of the spectra. 

Interestingly, the 1P excitonic bleach was found to be more prominent in the 

heterosystem. This is itself a testimony to hot electron migration from Sb2Se3 to 

CdSe. From the comparative dynamic profiles, we found that both the 1P and 1S 

bleach signals are slower in the heterosystem, which again substantiates the electron 

migration phenomena. In fact, the hetero-system slowed down the 1P signal more 

efficiently than that of the 1S one. This is an incredible observation, as hot electron 

migration influenced the separation of charge carriers in a hot excitonic state (1P), not 

in the usual lowest excitonic state (1S). Enhanced charge carrier lifetime of the hot 

state would be helpful in the extraction of those charge carriers in a device setup. We 

further confirmed the electron transfer process between Sb2Se3 and CdSe employing a 

lower energy (lower than the CdSe band gap) pump. The excitation of the hetero-

system with a 750 nm pump also yielded a CdSe bleach signal, even though it was not 

excited. Our detailed spectroscopic investigation in this p-n heterojunction would help 

in the fabrication of many new heterojunctions and uplift the field of condensed 

matter-based optoelectronic devices.  
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Abstract 

P-n heterojunctions fabricated from one-dimensional (1D) p-type tin sulfide nanorods 

(SnS NRs) decorated with n-type zero-dimensional (0D) cadmium sulfide quantum 

dots (CdS QDs) have gained significant research attention in energy storage devices. 

Herein, we have successfully synthesized 1D/0D SnS@CdS heterostructure (HS) 

using the hot injection method. Structural and morphological studies clearly suggest 

that CdS QDs are uniformly anchored on the surface of SnS NRs resulting in an 

intimate contact between two components. The photoluminescence (PL) study 

revealed the transfer of photoexcited holes from CdS QDs to SnS NRs which was 

further confirmed by transient absorption (TA) studies. TA measurements 

demonstrate the hole transfer from the valence band of CdS QDs to SnS NRs and the 

delocalization of electrons between the conduction band of SnS NRs and CdS QDs in 

SnS@CdS HS, resulting in efficient charge separation across the p-n heterojunction. 

These findings will open up a new paradigm for improving the efficiency of 

optoelectronic devices.   
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6.1. Introduction 

Semiconductor p-n heterojunctions are the basic building blocks for any 

optoelectronic and technological applications.
1–3 

It improves the charge separation as 

well as the carrier transport, and hence increases the lifetime of carriers by preventing 

excitonic recombination, which is highly desirable for device applications.  Among 

them, 1D (IV-VI) p-type tin sulfide (SnS) has emerged to be one of the promising 

candidates for its numerous applications including photovoltaics
4
, photocatalysis

5
, and 

next-generation energy storage devices
6,7

 owing to its unique properties such as high 

stability and tunable bandgap
4
, higher optical absorption coefficient (>10

4
 cm

-1
)
8
, 

non-toxic and earth-abundant elements.
9,10

 Moreover, 1-D semiconductor 

heterostructures demonstrate the large surface-to-volume ratio, which provides a large 

number of active sites that result in outstanding photocatalytic, optoelectronic, and 

gas sensing properties.
11–14

 Recently, SnS is widely used as an active absorber 

material in solar cell devices.
15

 However, the pristine SnS frequently suffer from the 

low charge separation efficiency and trapping of charge carriers, which seriously 

affects the practical application of photocatalysis. Many efforts have been made to 

avoid these issues by combining SnS with other nanomaterials to form a 

heterostructure.
16-19

 Hence, to achieve the efficient performance of devices, the 

coupling of p-type 1D SnS NRs with n-type 0D CdS QDs has evolved much interest 

in the field of photovoltaics as the depletion layer at the p-n interfacial region induces 

an electric field which results in improved separation ability and transport of charge 

carriers. CdS is a wide bandgap semiconductor with high electronic mobility, 

excellent thermal stability, exhibits sharp excitonic peaks and photoluminescence 

(PL).
20-22

 SnS NRs in heterojunction with CdS QDs can achieve excellent device 

performance. Earlier Wang et al. reported that Sn0.38S-CdS superlattice nanowires 

display efficient gas sensing behaviour.
14

Cho et al. have measured the efficiency of 

4.22% for SnS@CdS thin film solar cell by improving the interface quality of the 

heterojunction which is still far below than the theoretical Shockley-Queisser limit.
 23

 

In order to improvise the fabrication of the junction and enhance the device 

performance, it is paramount important to study the photo physics of generated charge 

carriers involved at the interface of this SnS NR and CdS QD heterostructure.
 24-26
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However, to the best of our knowledge, the charge transfer dynamics in 1D/0D 

SnS@CdS HS has never been investigated earlier. Femtosecond (fs) transient 

absorption spectroscopy (TAS) is known to be a powerful technique to monitor the 

dynamics of photoexcited charge carriers in individual materials as well as 

heterosystems in the fs to nanoseconds (ns) time window. The understanding of 

cooling, transfer, trapping and recombination pathways of photogenerated charge 

carrier play a crucial role in fabricating high performance optoelectronic devices. 

 In this chapter, high-quality SnS@CdS p-n heterojunction, where SnS 

nanorods are decorated with CdS QDs have been successfully synthesized via facile 

and low-cost hot injection method for the very first time. X-ray diffraction (XRD), 

high-resolution transmission electron microscopy (HR-TEM) images, energy 

dispersive X-ray spectroscopy (EDX) as well as optical studies clearly depict the 

formation of a strong interface between p-type SnS NRs and n-type CdS QDs. Steady-

state and time-resolved PL studies indicate the migration of holes from CdS QDs to 

SnS NRs. Further, transient absorption studies also revealed the hole transfer from the 

valence band of CdS QDs to SnS NRs and the delocalization of electrons between the 

conduction band of SnS NRs and CdS QDs which is a thermodynamically feasible 

process according to their band alignment. In addition, we found that charge 

separation in SnS NRs at a longer time scale in the presence of CdS QDs. To the best 

of our knowledge, to date, no report is available where the heterostructure of CdS 

QDs with SnS NRs is synthesized and charge carrier dynamics at their p-n junction 

studied. We believe that our studies are applicable to other nano-heterostructures, 

providing direction for a rational design of nanorod morphology for their multiple 

applications. 

6.2. Results and discussion 

6.2.1. Structural and morphological characterizations 

SnS@CdS p-n heterojunction was prepared by two two-step facile and inexpensive 

hot injection method as demonstrated in the schematic representation shown in 

Figure 6.1. In the first step, SnS NRs and CdS QDs are synthesized by hot injection 

method, respectively following previous literature with minor modifications.
 27,28

 In 
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the following step, CdS quantum dots are decorated uniformly on the surface of as-

prepared SnS NRs by injecting the CdS QDs into SnS NRs at high temperature, which 

results in the formation of high-quality 1D/0D SnS@CdS p-n heterojunction. It is 

observed that as compared to bare SnS NRs, many small CdS nanoparticles were 

uniformly anchored on the surface of SnS NRs. 

 

Figure 6.1. Schematic illustration for the preparation of 1D/0D SnS@CdS p-n 

heterojunction. 

The crystal phase and morphology of as-synthesized pristine SnS NRs, CdS QDs, and 

SnS@CdS HS were characterized by employing XRD and transmission electron 

microscopy (TEM), respectively. The TEM images and XRD of bare SnS NRs and 

CdS QDs have been provided in Figure 6.2.  From the TEM images, it is found that 

SnS possess typical rod-like morphology with an average length and width of 30 and 

10 nm, respectively (Figure 6.2A). HR-TEM image of SnS NRs shown in Figure 

6.2B shows the distinct lattice fringe spacing of 0.29 nm, corresponding to (111) 

lattice plane of orthorhombic SnS NRs.
29

 To further examine crystal structure and 

phase impurity, the XRD technique was used.  The observed diffraction peaks in the 

XRD pattern of SnS NRs in Figure 6.2C are assigned to (011), (021), (111), (040), 

(131), (141), (211), (151) (122) and (042) crystal planes elucidating the formation of 

an orthorhombic phase of SnS (JCPDS No. 39-0354).
30

 These sharp and prominent 

peaks suggest the material has excellent crystallinity.  Furthermore, no obvious peaks 

of elemental Sn, SnO2, and SnS2 could be found in the XRD spectrum. The HR-TEM 

images of CdS QDs indicate the spherical morphology with an average size of around 

4 nm (Figure 6.2D). As shown in HR-TEM images (Figure 6.2E), the interplanar 

spacing between two consecutive lattice planes is observed around 0.33 nm, which is 
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consistent with the (111) plane of CdS QDs.
31

 The XRD patterns of pristine CdS QDs 

exhibit diffraction peaks corresponding to (111), (220), (311), and (331) crystal planes 

as displayed in Figure 6.2F. The observed peaks matched well with the cubic crystal 

structure of CdS (JCPDS No. 65-2887).
32

 Further, HR-TEM measurements of 

SnS@CdS HS were carried out to determine the morphology and interfaces of both 

SnS and CdS components in the heterostructure. Figure 6.3A shows the HR-TEM 

images of SnS@CdS HS, which clearly indicate that the CdS QDs are evenly 

decorated on the surface of SnS NRs. Moreover, the size of CdS QDs was found to be 

4 nm which is identical to that of pristine CdS QDs (Figure 6.2D). The HR-TEM 

images of SnS@CdS p-n heterojunction shown in Figure 6.3B depict two different 

lattice planes separated by a sharp interface with lattice spacing 0.29 nm and 0.33 nm, 

corresponding to the (111) plane of SnS NRs and (111) plane of CdS QDs, 

respectively. 

 

 

Figure 6.2. (A, D) TEM, (B, E) HR-TEM images and (C, F) XRD pattern of SnS 

NRs and CdS QDs, respectively (JCPDS data of (C) orthorhombic phase of SnS and 

(F) zinc-blende phase of CdS marked under the bottom). 
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Figure 6.3. (A, B) HR-TEM images of SnS@CdS HS, dotted green and yellow lines 

indicated SnS NRs and CdS QDs, respectively. and (C) XRD pattern of newly 

synthesized SnS@CdS HS (JCPDS values also marked under the bottom for the 

orthorhombic phase of SnS and top for the zinc-blende phase of CdS) and (D) Atomic 

model showing the interface between SnS NRs and CdS QDs viewed along the c 

direction (we have omitted some of the CdS QDs attached to SnS NRs for clarity).  

 HR-TEM images clearly confirm that the (111) plane of CdS forms a strong 

interface and close contact with the (111) plane of SnS NRs. The XRD pattern of 

SnS@CdS HS exhibits peaks of both SnS NR and CdS QD components as depicted in 

Figure 6.3C. Along with the (111), (220), (311), and (331) diffraction planes of cubic 

CdS, we have observed an extra plane at 2θ ~ 32
o
 which corresponds to the (111) 

plane of orthorhombic SnS. The XRD analysis clearly depicts the formation of 

SnS@CdS HS which was confirmed by HR-TEM analysis as discussed before. To 

explain the interface of HS, an atomic model has been designed and is presented in 

Figure 6.3D. The atomic model of SnS NR and CdS QD heterojunction is viewed 

from the c direction. It shows the interface between the (111) plane of SnS NRs and 

CdS QDs with d spacing of 0.29 nm and 0.33 nm, respectively. 

 



Chapter 6 

180 | P a g e  

 

 

Figure 6.4. (A, B) Mapping and (C) EDX spectrum of SnS NRs indicating the 

homogenous distribution of Sn and S elements. (Inset: Observed atomic percentage of Sn 

and S). (D, E) Mapping and (F) EDX spectrum indicating the homogenous distribution of 

Cd and S elements in the CdS QD. (Inset: atomic percentage of Cd and S).   

 

 The strong interface between SnS NRs and CdS QDs is due to the high 

reaction temperatures that are beneficial for the strong heterojunction formation. 

Furthermore, the existence and uniform distribution of the Sn, Cd, and S, elements 

can be clearly detected from the EDX mapping results. The EDX mapping of bare 

SnS NRs, CdS QDs, and SnS@CdS HS are shown in Figures 6.4 and 6.5 

respectively. Moreover, EDX with field emission scanning electron microscope 

(FESEM) was used to measure the elemental distribution and the presence of 

elements in composition which show the presence of Sn, Cd, and S elements in 

SnS@CdS HS (Figure 6.5, inset). To investigate the chemical composition and 

oxidation states of various elements of the samples, X-ray photoelectron spectroscopy 

(XPS) analysis was carried out. XPS survey spectrum of SnS@CdS HS shown in 

Figure 6.6A indicates the presence of peaks due to Cd, Sn, and S elements. The 

incorporation of the Cd ion into lattice sites of SnS without altering its chemical 

structure is investigated by finding the oxidation states of Sn, Cd, and S obtained from 

XPS analysis. 
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Figure 6.5. EDX Mapping images of 1D/0D SnS@CdS HS, indicating the 

coexistence and homogenous distribution of (A) Sn, (B) Cd, and (C) S elements in the 

SnS@CdS HS, (D) EDX spectrum of SnS@CdS HS. Inset: Observed atomic 

percentage of Sn, Cd, and S. 

 

 XPS scans of the SnS@CdS p-n heterojunction sample are shown in Figure 

6.6A, which confirmed the presence of Sn and S along with the Cd peak. The high-

resolution XPS spectra of the Cd 3d state exhibit peaks at 405 and 412 eV 

corresponding to Cd 3d5/2 and Cd 3d3/2 states, respectively (Figure 6.6B), which 

confirmed the presence of the Cd
2+ 

oxidation state.
33, 34 

The high-resolution XPS 

spectra of Sn 3d state demonstrated in Figure 6.6C indicates doublet at 486 and 494.5 

eV attributed to Sn 3d5/2 and Sn 3d3/2, respectively and for S 2p state displays doublet 

at 160.9 and 161.9 eV correspond to S 2p3/2 and S 2p1/2 respectively, which prove the 

Sn
+2

 and S
-2

 oxidation states in the heterojunction (Figure 6.6D).
35 

  



Chapter 6 

182 | P a g e  

 

Figure 6.6. XPS analysis of SnS NRs, CdS QDs, and SnS@CdS p-n heterojunction: 

(A) survey scan of (a) SnS NRs.; (b) CdS QDs, (c) SnS@CdS p-n heterojunction. 

High-resolution XPS spectra of (B) Cd 3d in (a) pristine CdS QDs and (b) SnS@CdS 

HS; (C) Sn 3d in bare (a) SnS and (b) SnS@CdS; and (D) S 2p in (a) pristine SnS 

NRs and (b) CdS QDs as well as in (c) SnS@CdS HS.  

 Compared with the binding energies of pristine SnS NRs and CdS QDs, ca. 

0.6 eV shift toward higher binding energy for the Sn 3d and Cd 3d is observed in 

SnS@CdS p-n heterojunction. Earlier Zhang et al. also reported the Cd 3d XPS 

spectrum shift for the CdS/WS2 nanocomposite
36

. The slight shift in XPS elemental 

analysis further proves the intimate interface and strong interaction between SnS NRs 

and CdS QDs in the SnS@CdS HS system.
 
The XPS investigation further confirms 

the formation of a well-defined heterostructure. The interaction between SnS NRs and 

CdS QDs not only promotes the charge transfer and separation on the interface but 

also contributes to the good quality SnS@CdS p-n heterojunction construction. 

Further, to verify the p-type and n-type nature of the as-prepared SnS NRs and CdS 

QDs, we have utilized mott Schottky technique. The Mott Schottky plots of SnS NRs 

and CdS QDs have been shown in Figure 6.7. The negative and positive slopes of the 

tangent of mott Schottky curves confirm the p-type and n-type semiconductor nature 

of SnS NRs and CdS QDs, respectively.
37,38 
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Figure 6.7. Mott Schottky plots of (A) SnS NRs and (B) CdS QDs measured at the 

frequency of 1kHz. 

6.2.2. Optical Studies  

The optical characteristics of materials play a significant role in optoelectronic device 

development. The steady-state optical absorption properties of SnS NRs, CdS QDs, 

and SnS@CdS HS are shown in Figure 6.8A. The synthesized SnS NRs exhibit 

strong and broader absorption over a wide region from 300-800 nm. Its band gap is 

calculated from the tauc plot. The relation between absorption coefficient and photon 

energy has been provided as follows (equation 1)
39 

αhν = β(hν-Eg)
1/2  

                                       (1)
 

where hν is photon energy, β is constant relative to the material and α is the optical 

absorption coefficient. The bandgap of SnS NRs is calculated to be 1.3 eV as shown 

in Figure 6.8B.
40 

Due to its narrow bandgap, a large part of the solar spectrum from 

ultraviolet (UV) to near-infrared (NIR) wavelength regions can be utilized. We did 

not observe any clear excitonic peak in the optical absorption spectra of SnS NRs due 

to the presence of a high density of defect states. Also, the size of nanorods is large as 

compared to the exciton Bohr radius of 7.24 nm, therefore the SnS NRs exhibit 

weaker confinement.
41 

The absorption spectrum of CdS QDs is shown in Figure 

6.8A. The steady-state optical absorption studies clearly show band edge absorption 

peak for CdS QDs at 450 nm, which corresponds to the bandgap of 2.75 eV. The 

peaks at 450 and 390 nm are assigned to band edge [1S3/2-1S(e), 1S] and excited state 

[1P3/2-1P(e), 1P] electronic transitions, respectively. The CdS QDs exhibit discrete 

transitions arising due to a strong quantum confinement effect because of their smaller 
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particle size (∼4 nm) compared to the corresponding exciton Bohr diameter of about 

5 nm.
5
 The SnS@CdS HS absorption displays the signature of both CdS QD and SnS 

NR components. Furthermore, the absorption spectrum shows small dampening in the 

1S and 1P excitonic peaks of CdS QDs and, also exhibits tail absorption in the visible 

region conforming to the strong electronic coupling between SnS NRs and CdS 

QDs.
42-44 

Moreover, after the formation of the heterostructure, no prominent shift in 

the peak position was found, which indicates that the size of CdS QDs is preserved.   

 Now to investigate the interfacial charge transfer mechanism between SnS 

NRs and CdS QDs in SnS@CdS heterojunction, PL spectroscopy was employed. 

Figure 6.8C shows the PL spectra of SnS, CdS, and SnS@CdS HS samples upon 400 

nm photoexcitation in hexane. PL of CdS QDs exhibit a sharp peak at 462 nm, which 

was attributed to the radiative recombination between electrons and holes.   

 

Figure 6.8. (A) Steady-state optical absorption spectra of CdS QDs, SnS NRs, and 

SnS@CdS HS (B) Tauc plot of SnS NRs (C) PL spectra for pristine CdS QDs, 

pristine SnS NRs and SnS@CdS HS in hexane upon 400 nm photoexcitation. (Inset: 

enlarged PL spectrum SnS@CdS HS) and (D) Time-resolved PL studies of bare CdS 

QDs and SnS@CdS HS after exciting the samples at 402 nm and the decay trace 

monitored at 462 nm.  
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Table 6.1. Quantum yield calculation 

Sample OD of the 

sample at 

400 nm 

OD of 

reference at 

400 nm 

Area of 

sample 

Area of 

reference 

PLQY 

CdS QDs 0.09 0.07 7.8*10
5
 1.8*10

6
 22% 

SnS@CdS HS 0.12 0.07 4.2*10
4
 1.8*10

6
 <1% 

 The photoluminescence quantum yield (PLQY) of CdS QDs was calculated to 

be 22 % (Table 6.1). We did not find any PL emission peak for bare SnS NRs in 

visible (420-550 nm) owing to the presence of defect states which act as traps, that 

lead to the non-radiative decay of the charge carriers. However, when the CdS QDs 

were decorated on the surface of SnS NRs, it is clearly seen that CdS emission is 

quenched drastically and PLQY becomes <1% (Table 6.1).
 45

 Furthermore, it is 

observed that the position of the emission peak of CdS does not change in SnS@CdS 

HS. 

 To determine the answer, it is important to find the band alignment between 

SnS NRs and CdS QDs. The band alignment is one of the most important aspects that 

affect the transportation of photogenerated carriers through the interfaces, carrier 

recombination, and overall performance of the solar cells or any optoelectronic 

devices. We have determined the band alignment at the interface of SnS NRs and CdS 

QDs. The valence band positions of SnS NRs and CdS QDs have been determined 

using XPS valence band spectra as demonstrated in Figure 6.9. Schematic diagrams 

of the band alignment at the heterointerface between the p-SnS NRs and n-CdS QDs 

are illustrated in Figure 6.10. The valence band positions of SnS and CdS samples are 

measured to be -0.33 eV and 1.12 eV, respectively which are consistent with the 

previous reports. The bandgap of SnS NRs and CdS QDs are determined to be 1.3 eV 

and 2.75 eV respectively. Based on the equations ECB = EVB + Eg, the conduction 

band positions for SnS NRs and CdS QDs were calculated to be -1.63 eV and -1.62 

eV, respectively. The conduction band offset (CBO) and valence band offset (VBO) 

of 0.01 eV and 1.45 eV were determined for SnS@CdS, respectively, and are 

comparable with previous reports.
32

 Thus, according to valance and conduction band 

positions of SnS NR and CdS QDs, the decrease in CdS PL intensity in the presence 

of SnS was attributed to the injection of photoexcited holes from CdS QDs to SnS 

NRs as we already mentioned that the valence band (VB) of CdS lies below the VB of 
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SnS. However, we cannot rule out the possibility of energy transfer between SnS NRs 

and CdS QDs in SnS@CdS HS as the PL band of CdS QDs overlaps with the 

absorption of SnS NRs. Further, to monitor the hole injection dynamics in SnS@CdS 

p-n heterojunction, we have carried out a time-resolved photoluminescence study 

using time-correlated single photon counting (TCSPC). The emission lifetime of 

prepared samples has been calculated using TCSPC. We have calculated the lifetime 

of CdS QDs and SnS@CdS HS by fitting the lifetime data multi-exponentially, with 

time constants τ1=3.3 ns (52 %), τ2 = 21 ns (40 %), and τ3 = 81 ns (8 %) with =18 

ns for CdS QDs and τ1=0.25 ns (88%), τ2 = 4.25 ns (10%), and τ3= 45.7 ns (2 %) with 

=1.5 ns for SnS@CdS HS system. It is observed that the average lifetime of CdS 

QDs ( em- 462 nm) has decreased drastically from 18 ns to 1.5 ns (almost 12 times) in 

the presence of SnS NRs in  

 

Figure 6.9. XPS valence band spectra of (A) SnS NRs and (B) CdS QDs.  

 

Figure 6.10. Band alignment of SnS@CdS p-n heterojunction calculated from XPS 

analysis. 
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Table 6.2. Fitting components of time resolved photoluminescence for CdS QDs and 

SnS@CdS HS monitored at 462 nm upon 402 nm excitation. 

System  
τ1 

(ns) 

A1 

(%)
 

τ2 

(ns) 

A2 

(%) 

τ3 

(ns) 

A3 

(%) 

τavg 

(ns) 
χ

2 

CdS QDs (462 nm) 3.3 52% 21 40% 81 8% 18 1.14 

SnS@CdS HS (462 nm) 0.25 88% 4.25 10% 45.7 2% 1.5 1.12 

SnS@CdS HS (Figure 6.7D) and the fitting components are provided in Table 6.2. 

From the above results, it is indicated that photogenerated holes are migrating from 

the valence band of CdS QDs to the valence band of SnS NRs. Similarly, the hole 

transfer process is also depicted by fluorescence up-conversion studies (Figure 6.11). 

The decay kinetics of CdS become significantly faster in SnS@CdS HS. The fitting 

components are provided in (Table 6.3) Since TCSPC studies are not enough to get a 

clear picture of the hole transfer process in SnS@CdS HS owing to its limited time 

resolution. Therefore, we have utilized the transient absorption spectroscopy 

technique to investigate in depth charge migration phenomenon in the heterosystem 

and quantitatively monitor the hole transfer process.  

 

 

Figure 6.11. (A) Photoluminescence up-conversion trace of CdS QDs and SnS@CdS 

HS; (B) Normalized photoluminescence up-conversion decay of CdS QDs and 

SnS@CdS HS dispersed in hexane monitored at 462 nm (bandedge emission) after 

exciting samples at 400 nm.  
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Table 6.3. Fluorescence up-conversion time constants of CdS QDs and SnS@CdS HS 

at 462 nm wavelength after exciting the samples at 400 nm (λex). Parentheses indicate 

the weight percentage of the respective components. 

System τ 1 (ps) τ 2 (ps) τ 3 (ps) 

CdS QDs (462 nm) 

3.91 

(8 %) 

41.7 

(44 %) 

277.03 

(48 %) 

SnS@CdS HS (462 nm) 

1.6 

(60 %) 

10.08 

(30 %) 

45.7 

(10 %) 

 

 

6.2.3. Femtosecond transient absorption spectroscopy 

 To further explore the charge transfer dynamics in an early time scale with 

more accuracy, TA spectroscopy has been employed as it has the ability to unveil the 

foundation of such charge-transfer pathway by examining the difference in carrier 

dynamics for both pure SnS NRs and CdS QDs as well as in SnS@CdS p-n 

heterojunction.
46

 Revealing the carrier cooling dynamics, carrier diffusion, and carrier 

recombination processes is extremely important to understand the working 

mechanism and design of highly efficient optoelectronic devices.
47-50

 With a strong 

emphasis on comprehending the charge transfer process at the p-n junction of SnS and 

CdS, the present investigations are mostly focused on exploring charge transfer and 

relaxation processes in bare SnS NRs and CdS QDs as well as their heterostructure. 

We have excited the samples at a 350 nm pump to explore the decay pathways of 

photoexcited charge carriers at the interface of SnS@CdS HS. 
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Figure 6.12. Transient absorption spectra of the (A) SnS NRs; (C) CdS QDs; (B) 

Transient PIA kinetics of SnS NRs probed at 607 nm. (D) Transient decay profiles of 

CdS QDs at 1S exciton and bandedge biexciton positions. The experiments were 

carried out after photo-excitation with a 350 nm laser pulse with 200 µJ/cm
2
 laser 

fluence.  

 Figure 6.12A shows transient absorption spectra of SnS NRs upon 

photoexcitation with 350 nm pump. The TA spectra is recorded for different pump-

probe delay. The spectrum is dominated by broad positive absorption band in the UV-

VIS region with maxima at 607 nm along with a hump in the region 410-460 nm 

centred at 440 nm. The positive signal can be attributed to the excited state absorption 

of the photo-excited charge carriers. The broad photo induced absorption (PIA) or 

excited state absorption is consistent with the earlier reports and is a characteristic 

signature for carrier trapping as observed in other semiconductors.
51 

A similar type of 

PIA signal has been observed earlier in TA spectra for SnS NSs by Zhang et al. upon 

photoexcitation with a 1200 nm pump beam.
10

 The PIA recovery kinetics process of 

pristine SnS NRs has been evaluated by plotting the linear dependence of ΔA
−2

 versus 

delay time. Such temporal dependencies give a clear idea of the various active 
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recombination processes. Figure 6.13, depicts the linear dependence of ΔA
−2

 versus 

delay time which clearly suggests that highly efficient Auger recombination (exciton-

exciton annihilation) dominates at high fluence in SnS.
50,52 

Next, we have monitored 

the transient kinetics at maximum signal intensity (λprobe = 607 nm) and the fitting 

parameters have been provided in the supporting information (Table 6.4).
 
 The signal 

grows up to 0.2 ps and afterwards, it decays multi-exponentially as shown in Figure 

6.12B. Herein, no photoinduced bleach signal was observed due to the existence of a 

large density of trap states in SnS NRs which favors the PIA signal over the ground 

state bleach. The transient absorption spectra of bare CdS QDs at different pump-

probe delay is shown in Figure 6.12C. TA spectra showed a bleach due to 1S 

excitonic (1S3/2(h)–1S (e)) transition i.e., B1 at 450 nm, and a higher energy excitonic 

band due to (1P3/2(h)–1P(e)) transition i.e., B2 at 400 nm arising from state filling 

effect of band edge and high energy exciton.
53,54

 The aforementioned observations are 

matched with the steady-state absorption spectrum. The derivative-like feature from 

470 to 500 nm is due to stark-induced biexciton.
55,56

 The biexciton is formed due to 

coulombic interactions between pump-generated hot exciton and bandedge exciton 

generated by the probe beam. The growth of CdS QDs bleach can be fitted with a 

single exponential time component of 0.42 ps and decay can be fitted with muti-

exponential time components (Table 6.4). The growth indicates the time taken by the 

carriers to cool down from higher excited states to the band edge state. The transient 

kinetics of both band edge exciton and biexciton are shown in Figure 6.12D.  

 

Figure 6.13. Linear dependence of ΔA
-2

 vs. early probe delay time for SnS NRs at 

350 nm pump excitation. 
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 Now in order to examine the charge relaxation and transfer dynamics at the 

interface of SnS NRs and CdS QDs, we have performed ultrafast transient absorption 

studies of SnS@CdS p-n heterojunction, keeping all the experimental conditions like 

that of pristine SnS NRs and CdS QDs systems. TA spectra of SnS@CdS HS upon 

350 nm photoexcitation is shown in Figure 6.14A. The energy corresponds to 350 nm 

pump excitation and is capable of photoexciting both the SnS and CdS constituents of 

the heterostructure system across the band gap. The TA spectra exhibit bleach 

features of CdS QDs at 450 nm and 400 nm, respectively. Moreover, there is an 

additional broad PIA feature to the red side of bleach in the region 500-650 nm. 

Besides, it has been observed that there is a huge decrement in the bleach and 

biexciton intensity in the heterojunction system as compared to its bare counterpart 

(Figure 6.14B, C). The intensity of the bleach has often been related to the number 

density of photo-generated charge carriers. Such a significant decrease in bleach 

intensity is attributed to the transfer of photoexcited holes from the valence band of 

CdS QDs to SnS NRs which is a thermodynamically favourable phenomenon.   

 

Figure 6.14. Transient absorption spectra of the (A) SnS@CdS HS at different probe 

delay. Inset: enlarged PIA signature in the red region of the spectra in the 

heterostructure system. Transient kinetics of CdS QDs and the SnS@CdS HS for the 

(B) 1S bleach and (C) band edge biexciton signal. (D) PIA signal of SnS NRs and 

SnS@CdS HS at 607 nm probe wavelength, all the experiments were carried out 

following 350 nm laser pulse with a 200 µJ/cm
2
 laser fluence.  
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 Again, the drastic decrease in bi-exciton intensity can be attributed to the 

delocalization/transfer of photo-excited electrons from CdS to SnS which is also a 

thermodynamically viable process (Figure 6.14C).  The growth component of the 

band edge bleach of CdS QDs decreases from 0.42 ps to 0.15 ps in the presence of 

SnS NRs (Table 6.4). Comparing the bleach intensity of 1S exciton for pristine CdS 

QDs and SnS@CdS heterojunction system, it is found that the growth and recovery of 

bleach is faster in heterostructure as shown in Figure 6.15A, indicating the transfer of 

holes from CdS QDs to SnS NRs which is a physically feasible process according to 

their band alignment. Moreover, in the presence of CdS, both the growth and decay of 

the PIA signal of SnS NRs get relatively slower and interestingly, it eventually inverts 

into a long-lived broader negative or bleach signal at probe time > 520 ps as shown in 

Figure 6.14D. The slower growth of the PIA signal of SnS NRs in SnS@CdS HS is 

due to the migration of holes from CdS QDs to SnS NRs as discussed earlier (Table 

6.4). The slow recovery of SnS NRs positive signal in the presence of CdS QDs 

(Figure 6.15B) demonstrates slow recombination of photoinduced charge carriers i.e., 

higher charge separation in SnS@CdS p-n heterojunction as holes being in the 

valence band of SnS NRs and electrons are delocalized in the conduction band of both 

SnS NRs and CdS QDs owing to their small band offset (Scheme 6.1).  

 

 

Figure 6.15. Normalized kinetics of (A) bandedge bleach of CdS QDs and SnS@CdS 

HS, and (B) PIA of SnS NRs and SnS@CdS HS monitored at 607 nm probe 

wavelength, after photo excitation with 350 nm laser pulse. 
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Scheme 6.1. Schematic illustration of different photophysical processes occurring at 

the interface of SnS@CdS p-n heterojunction. 

 

Also, the PIA signal of SnS NRs converts into negative at a longer probe delay time. 

This broad bleach signal is long-lived depicting the slow recombination between SnS 

NRs and CdS QDs.  As a result, efficient charge separation has been observed in the 

SnS NR system in the presence of CdS QDs. Further, in order to provide a more 

convincing picture of the system, we have carried out pump fluence-dependent 

transient absorption studies of SnS@CdS HS upon 350 nm pump excitation, keeping 

the pump fluence at 100 μJ/cm
2
, 200 μJ/cm

2
, and 500 μJ/cm

2
 as shown in Figure 

6.16. The time components for bleach and biexciton remain almost unchanged 

throughout the fluence range which rule out Auger recombination in SnS@CdS HS. 

From the fluence studies, we have confirmed that hole migration is efficiently taking 

place rather than auger recombination in SnS@CdS HS. In applications involving 

photovoltaic and photocatalytic devices, the spatially separated and long-lived 

photogenerated charge carriers are greatly required as it has been observed in 

SnS@CdS p-n heterojunction in the present studies.  
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Table 6.4. Kinetic fitting parameters at excitonic bleach, biexciton position, and PIA 

signal for bare CdS QDs, SnS NRs and SnS@CdS HS system upon 350 nm pump 

excitation with 200µJ/cm
2
 laser fluence. 

System τg  (ps) τ1 (ps) τ2 (ps) τ3 (ps, ns) τ4 (ns) 

CdS QDs (445 nm) 

(1S Exciton) 

0.42 

(100 %) 

47 

(35.8 %) 

285 

(18.3 %) 

>1 ns 

(45.9 %)  

SnS@CdS HS  

(445 nm) (1S Exciton) 

0.15 

(100 %) 

8.7 

(22.4 %) 

300 

(26.4 %) 

>1 ns 

(51.2 %) 
 

CdS QDs (478nm) 

(Biexciton) 

< 0.1 

(100 %) 

0.13 

(-100 %) 

0.7 

(-100%) 

60 ps 

(75 %) 

>1 

(25 %) 

SnS@CdS HS                                                                    

(480 nm) (Biexciton) 

< 0.1 

(100 %) 

0.15 

(-100 %) 

0.34 

(100 %) 

4 ps 

(-25.4 %) 

>1 

(-74.6%) 

SnS NRs (607 nm) 

(PIA) 

< 0.1 

(-100 %) 

1 

(43.5 %) 

70 

(46.4 %) 

> 3 ns 

(10.1 %) 
 

SnS@CdS HS  

(607 nm) (PIA) 

0.101 

(-100 %) 

5 

(46.4 %) 

125 

(53.6 %) 
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Figure 6.16. (A) TA spectra of SnS@CdS HS at pump fluence of 200 µJ/cm
2
. 

Transient kinetics of (B) 1S bleach, (C) biexciton, and (D) PIA signal in SnS@CdS 

HS system upon 350 nm pump excitation at different pump fluences (100 µJ/cm
2
, 200 

µJ/cm
2,

 and 500 µJ/cm
2
). 
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6.3. Conclusion 

In summary, we have successfully synthesized (1-D) SnS@(0-D) CdS p-n 

heterojunction for the very first time The HR-TEM studies clearly confirm the 

formation of high-quality SnS@CdS p-n heterojunction between (111) lattice plane of 

SnS NRs and (111) plane of CdS QDs. The steady-state and time-resolved PL studies 

specify the migration of holes from CdS QDs to SnS NRs. Further, the photo-physics 

of hole transfer processes involved at the p-n junction of SnS@CdS HS at the 

femtosecond time region have been investigated using transient absorption 

spectroscopic techniques. The steady-state and time-resolved PL studies specify the 

migration of holes from CdS QDs to SnS NRs. The thorough comprehension of 

charge migration and recombination processes in 1D/0D SnS@CdS p-n 

heterojunction systems open up new opportunities to further qualify research on 

boosting the efficiency of solar cells as well as optoelectronic devices. 
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Abstract 

Harvesting solar energy for different applications requires the development of new 

semiconducting materials that can absorb a maximum part of the solar spectrum. 

Antimony selenide (Sb2Se3) has attracted tremendous attention over the last few years 

as a light-harvesting material for photovoltaic device applications owing to its phase 

stability, high absorption coefficient, earth abundance, and low toxicity. Here, we 

utilized a thermal evaporation method for depositing high-quality p-Sb2Se3 film and 

making their heterojunction with n-type CdS film. To investigate the charge transfer 

pathways in the heterojunction system, we then performed the transient absorption 

(TA) spectroscopy studies. The TA analysis reveals the electron transfer from Sb2Se3 

to CdS thin film and spatial charge separation at the Sb2Se3/CdS p-n heterojunction 

interface which are further supported by photocurrent measurements. These studies 

are immensely useful for the fabrication of highly efficient photovoltaic devices. 
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7.1. Introduction 

Antimony selenide (Sb2Se3) is an outstanding potential material for solar cells.
1
 It has 

captured the curiosity of researchers all around the world due to its unique and superior 

properties like high absorption coefficient (>10
5
 cm

-1
), tunable bandgap (1.1–1.3 eV), 

good carrier mobility (100 cm
2
V

-1
s

-1
), and relatively earth-abundant constituents.

2-4
 

Sb2Se3 demonstrates an extensive application prospect in photovoltaic, photodetector, 

and photocatalysis.
3,5,6

 Mai et al. reported a power conversion efficiency (PCE) of 9.2 

% for Sb2Se3 solar cells. Till now, this is the highest PCE for Sb2Se3 heterojunction 

solar cells.
7
 Fortunately, several techniques may already be employed to create the 

Sb2Se3 absorber layer, including confined-space sublimation (CSS)
8
 vapor transport 

deposition (VTD)
9-11

, sputtering
12

, and chemical bath deposition
13,14

 Among them, 

thermal evaporation is a frequently utilized vacuum coating process for the industrial 

production of large-scale light-emitting displays and other thin-film photoelectric 

devices.
15 The thermal evaporation deposition technique offers the benefits of 

straightforward operation, control over deposition rate, reduced impurity integration, 

extremely low probability of oxide formation as a result of high vacuum, excellent film 

quality and a simple growth mechanism.
16 

This technique has been widely used for the 

fabrication of Sb2Se3 films. Sb2Se3 has a high saturation vapor pressure (about 1200 Pa 

at 550 °C) and a low melting point (around 600 °C).
17

 These two properties allow for 

the simple and high-throughput preparation of high-quality Sb2Se3 polycrystalline thin 

films using a thermal evaporation technique at a relatively low temperature. Sb2Se3 is 

an intrinsically p-type semiconductor.
18 

The systematic exploration of a low-bandgap 

Sb2Se3 polycrystalline thin film is encouraged by all these immensely appealing 

benefits. However, the performance of Sb2Se3 solar cells is limited due to the presence 

of a large density of defect states which cause the trapping of photogenerated electron-

hole pairs. Thus, the electron transport layer is required which has an important impact 

on the efficiency of solar cells. The n-type cadmium sulfide (CdS) is frequently 

employed as an electron transport layer in Sb2Se3 devices to build Sb2Se3/CdS p-n 

heterojunction. CdS film has direct band gap, low resistivity, high transmittance, and 

comparatively simple film development.
19

 We employed a thermal evaporation 

deposition approach to make CdS thin films.
20-22

 To get higher power conversion 

efficiency (PCE) from a material, several factors that control device performance need 

to be optimized. The ultimate device efficiency for heterojunction thin-film solar cells is 

depend on both the quality of the absorber material and the interface. Fundamental 

knowledge of the optoelectronic features, including charge carrier dynamics, and the 
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presence as well as nature of defect states is extremely important to achieve more 

efficient Sb2Se3 solar cells.  

In this chapter, Sb2Se3 thin films were deposited on a glass substrate at a substrate 

temperature of 290 °C followed by deposition of CdS film over Sb2Se3 by thermal 

evaporation deposition technique. The films were characterized using X-ray 

diffraction (XRD) analysis, field emission scanning electron microscopy (FESEM), 

optical analysis, and X-ray photoelectron spectroscopy (XPS). FESEM results show 

the uniform distribution of all elements in the Sb2Se3/CdS p-n thin film 

heterojunction. We have performed TA experiments to investigate the charge transfer, 

trapping, and relaxation dynamics at the interface of Sb2Se3/CdS heterojunction. It is 

observed that the growth time of CdS bleach increases in the Sb2Se3/CdS 

heterojunction due to the electron transfer from Sb2Se3 to CdS. It is important to note 

that a pronounced TA bleach matching the CdS band edge exciton absorption was still 

present even when the pump excitation energy was changed to 1.9 eV, which is 

inadequate to directly excite CdS. This unique finding is only conceivable if there is 

electron transport from the Sb2Se3 domain of the heterojunction to the CdS domain. 

The fabricated Sb2Se3/CdS thin film p-n heterojunction demonstrates a higher 

photocurrent response as compared to pristine Sb2Se3 and CdS films owing to charge 

separation in the heterojunction system. These findings present a unique method for 

harvesting solar energy and will open a new path for the development of 

optoelectronic applications for Sb2Se3-based heterojunctions.  

7.2. Results and Discussion 

7.2.1. Structural and compositional studies 

Sb2Se3 thin film was prepared on the glass substrates utilizing a thermal evaporation 

deposition technique using Sb2Se3 powder as precursor material. The substrate 

temperature was kept at 290
o
 C. The basic thermal deposition process is shown in 

Figure 7.1.  For the Sb2Se3 film, deposited on the substrate at room temperature, no 

diffraction peaks were observed, indicating the film is amorphous in nature as 

reported earlier.
23

 However, for Sb2Se3 film deposited at the substrate temperature of 

290
°
 C, strong diffraction peaks were noticed, and all these peaks agreed well in 

position with the standard diffraction pattern of the orthorhombic phase of Sb2Se3 

(JCPDS 00–015-0861), confirming its crystalline nature (Figure 7.2Aa).
23,24

 We 

found no peaks corresponding to Sb2O3 or another impurity in the XRD spectrum.  



Chapter 7 

209 | P a g e  

The XRD pattern of the CdS film in Figure 7.2Ab shows a sharp peak of ~26.5
°
, 

corresponding to the (002) crystal plane of the hexagonal crystal structure of CdS 

(JCPDS 96-900-8863).
25,26

  

 

Figure 7.1. Schematic of (A) film deposition by thermal evaporation technique and 

(B) picture of Sb2Se3/CdS thin film heterojunction. 

 

Figure 7.2. (A) XRD pattern of (a) Sb2Se3, (b) CdS and (c) Sb2Se3/CdS film 

heterojunction; (B) XPS spectra of Sb2Se3/CdS film; High-resolution XPS of (C) Cd, 

(D) Sb, (E) S, and (F) Se elements. 
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 The XRD pattern of Sb2Se3/CdS film shown in Figure 7.2Ac consists of peaks 

from both individual components viz orthorhombic Sb2Se3, as well as hexagonal CdS 

phases, and no mixed phases were found. This indicates the existence of both 

materials in the Sb2Se3/CdS heterojunction. Further, X-ray photoelectron 

spectroscopy (XPS) was used to analyze the surface composition and elemental 

chemical state of the pristine Sb2Se3, CdS films, and Sb2Se3/CdS p-n heterojunction 

film. The XPS survey spectrum in Figure 7.2(B) shows the presence of Sb, Se, Cd, 

and S elements in the Sb2Se3/CdS film heterojunction. Further, analysis of the 

chemical state of the elements was performed by high-resolution XPS spectra. As 

shown in Figure 7.2C, the binding energies of Cd 3d5/2 and Cd 3d3/2 of Sb2Se3/CdS 

film are positioned at 401 and 411 eV, respectively, attributed to Cd 3d5/2 and Cd 3d3/2 

doublets of Cd
2+

 in heterojunction.
27

 The Sb 3d5/2 and Sb 3d3/2 peaks of the 

Sb2Se3/CdS heterojunction are located at binding energies of 531.5 and 539.5 eV, 

respectively (Figure 7.2D). The binding energy of Sb 3d is positively shifted by about 

2 eV compared to that of pure Sb2Se3 (Figure 7.3), but the spacing of the two peaks 

did not change, indicating that the chemical state of the Sb ion remained unchanged as 

Sb
3+

 (Figure 7.2D). Figure 7.2F corresponds to the peaks at 55.1 and 55.9 eV which 

can be attributed to Se 3d5/2 and 3d3/2 of Se
2-

, respectively, with a positive shift of 

about 0.85 eV. The S 2p peaks at 161 eV and 162.3 eV correspond to S 2p3/2 and S 

2p1/2 of S
2-

 in Sb2Se3/CdS film heterojunction, respectively.    

 

Figure 7.3. XPS of Sb2Se3 and CdS films (A) XPS spectrum of CdS film along with 

high-resolution XPS spectra of (B) Cd 3d, (C) S 2p. (D) XPS spectrum Sb2Se3 film 

along with high-resolution XPS of (E) Sb 3d, (F) Se 3d elements.  
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Figure 7.4. (A) FESEM image of Sb2Se3@CdS film. (B) EDX Mapping images of 

Sb2Se3@CdS heterojunction, indicating the co-existence and homogenous distribution 

of (C) Sb, (D) Cd, (E) S, and (F) Se elements. 

 

Figure 7.5. Energy dispersive X-ray spectrum of Sb2Se3/CdS thin film heterojunction. 

Inset: Observed atomic percentage of Sb, Cd, S, and Se elements. 

 The XPS studies of pristine Sb2Se3 and CdS film are provided in Figure 7.3. 

These results are consistent with the previously reported literature.
28,29

 After the 

formation of a heterojunction, the charge is transferred between the two 

semiconductors, eventually leading to a decrease in the electron cloud density of one 

semiconductor and an increase in the electron cloud density of the other 

semiconductor, which is manifested in XPS as a shift in the characteristic peaks. The 

XPS results indicate the successful formation of heterojunction between Sb2Se3 and 

CdS components with a strong interaction. Moreover, the Cd and S elements in 

Sb2Se3/CdS heterojunction are present in the form of Cd
2+

 and S
2-

 further 

demonstrating the successful deposition of CdS on Sb2Se3.
30

 The FESEM image of 
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heterojunction shown in Figure 7.4A confirm the uniform growth of the thin film. 

Further, energy-dispersive X-ray spectroscopy (EDX) elemental mapping was utilized 

to decipher the composition and elemental distribution of the Sb2Se3/CdS p-n 

heterojunction film. Figure 7.4 (C-F) displays the Sb (pink), Cd (blue), S (green), and 

Se (yellow) EDX colour maps exhibit a homogeneous distribution of all the elements. 

The EDX elemental analysis confirms the presence of Sb, Cd, S, and Se elements in 

the as-prepared Sb2Se3/CdS heterojunction with the atomic percentage table provided 

in Figure 7.5. 

 

Figure 7.6. Determination of valance band positions of (A) Sb2Se3 and (B) CdS films 

from the XPS valence band spectra. (C) Band alignment of Sb2Se3/CdS 

heterojunction. 

 In addition, the band gaps and energy levels of CdS and Sb2Se3 thin films 

were determined by UV–vis absorption spectra and X-ray photoelectron spectroscopy 

(XPS). The bandgap of CdS and Sb2Se3 is calculated to be 2.4 and 1.3 eV, 

respectively. XPS was used to determine the valence band maximum (VBM) of CdS 

and Sb2Se3 thin films. As shown in Figures 7.6A and 7.6B, the VBM is estimated to 

be 0.2 and 1.35 eV, respectively. Therefore, combined with the optical band gap 

obtained from absorption spectra and XPS data, the positions of the conduction band 

minimum (CBM) are calculated as -1.1 and -1.05 eV, respectively. Based on the 

above result, the alignment between Sb2Se3 and CdS can be constructed as shown in 
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Figure 7.6C. Consequently, the conduction band offset (CBO) and valence band 

offset (VBO) of the Sb2Se3/CdS heterojunction are calculated to be +0.05 eV and -

1.15 eV, respectively. Therefore, the Sb2Se3/CdS interface forms a Type-II 

heterojunction.
31

 

7.2.2. Optical studies 

To evaluate material for optoelectronic applications, optical parameters such as 

optical band gap should be critically analyzed. The steady-state optical absorption 

spectrum of bare Sb2Se3 film shown in Figure 7.7A displays a broad absorption in the 

range of 350−700 nm and the bandgap is calculated to be 1.3 eV (Figure 7.7B).
32 The 

absorption spectrum of the CdS film shows the first exciton peak at 480 nm (460-510 

nm).
33

 Also, from the absorption spectra, the energy bandgap was estimated to be 2.45 

eV for CdS film. The measured values closely match the bandgaps reported in the 

literature.
34 

Moreover, the absorption of Sb2Se3/CdS heterojunction in the visible 

range is increased as compared to pure CdS film.
35  

 

Figure 7.7. (A) Steady-state optical absorption spectrum of pristine Sb2Se3, CdS 

films, and Sb2Se3/CdS heterojunction. (B) Tauc plot for Sb2Se3 film. 

7.2.3. Transient absorption studies 

We have performed TA spectroscopy to probe the charge carrier dynamics in 

Sb2Se3/CdS heterojunction to gain more insight into photophysical processes. TA 

spectroscopy has proven to be an indispensable tool to monitor charge transfer and 

recombination dynamics within the Sb2Se3/CdS heterojunction system, offering 

invaluable insights into both single and heterojunction systems.
36-40 

The samples were 

excited with a 410 nm pump pulse and change in the absorbance (ΔA) of the probe 
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beam in the presence and absence of a pump pulse is monitored. All the experimental 

conditions were kept similar throughout the experiment. The TA spectrum of Sb2Se3 

film displayed in Figure 7.8A shows a negative photoinduced bleach signal peaking 

around 579 nm (2.1 eV) which is far from the optical bandgap of Sb2Se3 (950 nm), 

representing excited state bleach and a positive signal with a peak located at 680 nm 

corresponds to the photo-induced absorption (PIA).
41

 The growth of bleach is IRF-

limited and it decays very fast (Figure 7.8B). The maximum amplitude of the signal 

decays within 5 ps and the fitting components are provided in Table 7.1. Thus, this 

bleach signal originates from a higher energy band. Previously, Liang et al. also 

observed a similar negative bleach and PIA signal in Sb2Se3 films.
41

 The PIA signal 

can be assigned to the trapping of photo-generated minority carriers.
36

 The TA 

kinetics of the PIA signal (Figure 7.8C) represent the evolution of charge carrier 

dynamics. The abrupt rise of the TA signal from the zero-delay position indicates that 

the ground state electron-hole pairs are excited to a higher energy band to form high 

energy excitons as the energy of the pump pulse (3 eV) is much larger than the 

bandgap of Sb2Se3 (1.3 eV).  

 

Figure 7.8. TA spectra of (A) Sb2Se3 film, (B, C) formation and decay dynamics of 

Sb2Se3 film monitored at 579 and 681 nm probe wavelengths. (D) Schematic diagram 

showing the different trapping and recombination dynamics of charge carriers in 

Sb2Se3 film after the photoexcitation with a 410 nm laser pulse.  
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 These charge carriers dissipate their excess excitation energy through electron-

phonon coupling or electron-electron scattering and then relax to the conduction band 

minimum and valence band maximum.
42

 After reaching the maximum value, the TA 

signal decays slowly. The rise in TA indicated in yellow is due to the increased intra-

band absorption of the trap states within the bandgap. The blue region shows the 

decay of excited state carriers which is attributed to trap-assisted recombination which 

is common in semiconductor materials as reported earlier (Figure 7.8D).
43 

Subsequently, the kinetic decay curves were fitted multi-exponentially (Figure 7.8B, 

C), and the detailed fitting parameters are summarized in Table 7.1. 
 

 The TA spectra of CdS film as well as the Sb2Se3/CdS thin film heterojunction 

have been recorded and are shown in Figure 7.9. Figure 7.9A shows the TA spectra 

of the CdS film after photo excitation with a 410 nm laser pulse as a function of 

different pump-probe delay times. The TA spectra plots of the photoexcited 

Sb2Se3/CdS heterojunction at different time delay is shown in Figure 7.9B.  The TA 

spectrum of Sb2Se3/CdS heterojunction looks similar to that of pure CdS film, 

however, we observed some thought-provoking differences in transient kinetics. The 

TA spectra of CdS show photobleaching signals with maxima at 500 nm attributed to 

band edge exciton as discussed in the steady-state absorption spectra, and a positive 

absorption signal in the red region after 550 nm bleach ascribed to a stark induced 

biexciton effect. The intensity of bleach and biexciton signal of CdS increases in 

heterojunction which is possible only if the carriers are migrating to CdS from Sb2Se3. 

Table 7.1. Fitted parameters for transient kinetic traces of the Sb2Se3 film upon 

photoexcitation with 410 nm pump wavelength. 

Sb
2
Se

3
 film τ

g
 τ

1
 τ

2
 τ

3 

579 nm 
< 0.1 ps 

(100 %) 

1 ps 

(-86.2 %) 

67 ps 

(-9.5 %) 

>1 ns 

(-4.3 %) 

681 nm 
0.56 ps 

(-100 %)  

4.3 ps 

(35 %) 

40 ps 

(55 %) 

>1 ns 

(10 %) 

 To investigate the charge carrier dynamics, cooling, transfer, and 

recombination dynamics in pristine CdS, Sb2Se3, and Sb2Se3/CdS heterojunction 

system, temporal analysis has been carried out at different probe wavelengths. 
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Figure 7.9. TA spectra of (A) CdS film, and (B) Sb2Se3/CdS heterojunction at 

different probe delays following photoexcitation of a 410 nm laser pulse with 200 

µJ/cm
2
 laser fluence. (C) Bleach recovery kinetics of 1S excitonic bleach at 504 and 

509 nm for CdS and Sb2Se3/CdS heterojunction, respectively. (D) Transient kinetics 

of the PIA signal of Sb2Se3 and Sb2Se3/CdS heterojunction monitored at 681 and 650 

nm, respectively.  

 We have monitored the transient decay kinetics of both exciton bleach (1S) 

and biexciton for bare CdS and Sb2Se3/CdS film upon photoexcitation with 410 nm 

pump pulse and the results are shown in Figures 7.9C and D. The transient kinetics 

at 1S bleach of CdS film is fitted with single-exponential growth with a time constant 

of <100 fs (IRF limited) and multiexponential decay components listed in Table 7.2. 

Now to understand the carrier dynamics of the photoexcited carriers involved across 

the p-n junction of the Sb2Se3/CdS heterojunction at an ultrafast time scale, we have 

monitored the kinetics of the bleach and biexciton at 500 nm (1S) and 550 nm in the 

heterojunction system and compared the results with that of bare CdS film. The decay 

kinetics of CdS in heterojunction is significantly affected in the presence of Sb2Se3. It 

is found that the growth of the CdS 1S bleach in the Sb2Se3/CdS heterojunction is 

found to be 240 fs, which is slower as compared to the growth of pure CdS film (<100 
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fs). The growth is assigned to charge carrier cooling from upper excitonic states to the 

conduction band edge. The slower growth of exciton bleach in the Sb2Se3/CdS 

heterojunction system observed here strongly suggests the dominance of hot electrons 

transfer from Sb2Se3 to CdS over defect-assisted recombination in Sb2Se3/CdS 

heterojunction. This suggests that electrons do not get trapped in the inter-bandgap 

defect states present in Sb2Se3, but rather get transferred to CdS film which is 

essential for the fabrication of highly efficient photovoltaic devices. The decay of 

transient bleach has been fitted multi-exponentially with time constants provided in 

(Table 2). We have also observed slow recovery of 1S bleach of CdS in the presence 

of Sb2Se3 as compared to that of pure CdS film as indicated in Figure 7.9C.
44

 

Recovery of the 1S bleach portrays the depopulation of band edge and excited-state 

electrons. The slow recovery of the 1S bleach is attributed to the spatial separation of 

photogenerated charge carriers as a result of the decoupling of electrons and holes in 

the heterojunction, with electrons being in CdS and holes in Sb2Se3.  

Scheme 7.1. Simple scheme representing charge transfer dynamics at the interface of 

Sb2Se3/CdS heterojunction for high-energy (3.0 eV) pump excitation. 

 

 As a result, the 1S state of CdS has a longer lifetime in the presence of Sb2Se3; 

thus, these carriers can be extracted and are crucial for the improvement of the 

efficiency of any device, as shown in Scheme 7.1. Furthermore, we monitored the 

PIA kinetics of Sb2Se3 in the absence and presence of CdS. It is found that the growth 

of the PIA signal of Sb2Se3 becomes faster in Sb2Se3/CdS heterojunction which 

further indicates the transfer of hot electrons from Sb2Se3 to CdS film.  The 

Sb2Se3/CdS heterojunction enhances the ability of charge extraction. which would 

help in improving the performance of the devices. 
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Table 7.2. Kinetic fitting parameters at different key wavelengths for Sb2Se3, CdS 

thin films, and Sb2Se3/CdS heterojunction after photoexcitation of the samples with 

410 nm pump wavelength. 

System 
Probe 

wavelength (nm) 
τg τ1 τ2 τ3 

CdS film 
500 

(bleach) 

< 0.1 ps 

(+ 100 %) 

3 ps 

(- 57.1%) 

52 ps 

(-39 %) 

>1 ns 

(-3.9 %) 

Sb2Se3/ 

CdS film 

500 

(bleach) 

0.24 ps 

(+ 100%) 

5 ps 

(-49 %) 

80 ps 

(-37.4 %) 

>1 ns 

(-13.6 %) 

650  

(PIA) 

0.2 ps 

(93.3 %) 

3.5 ps 

(-72.2 %) 

28 ps 

(-27.8 %) 

>1 ns 

(6.7 %) 

 

Near Band Edge Excitation: We have further excited the samples on the lower-

energy side (pump wavelength, ∼650 nm; energy, ∼1.9 eV), maintaining the density 

of injected carriers similar to that of the 410 nm pump excitation. At this pump 

energy, CdS film does not get excited as the band gap of CdS film is ∼2.4 eV, which 

is higher than the incident pump energy. However, electrons and holes are generated 

in the Sb2Se3 domain as the energy of the pump is higher as compared to the band gap 

of Sb2Se3 (Eg = 1.3 eV). Figures 7.10A and 7.10B show the TA spectra of the 

Sb2Se3/CdS heterojunction upon 650 nm pump excitation and transient kinetic trace 

monitored at 500 nm probe wavelength. The appearance of an instantaneous broad 

bleach (500) confirms the transfer of electrons from the Sb2Se3 to the CdS domain in 

the heterojunction, which is the thermodynamically feasible process according to the 

band alignment. The bleach at 500 nm appears possible only when the electrons are 

present at band edge states of CdS. This observation clearly indicates the transfer of 

electrons from Sb2Se3 to CdS film in the Sb2Se3/CdS heterojunction system (Scheme 

2). The extraction of these charge carriers is substantial for photovoltaic and 

photocatalytic devices. 
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Figure 7.10. (A) TA spectra of the Sb2Se3/CdS heterojunction at different probe 

delays following photoexcitation with 750 nm laser pulse. (B) Transient decay 

kinetics of bleach signal probed at 503 nm.  

Scheme 7.2. Schematic Illustration of charge transfer processes taking place in 

Sb2Se3/CdS heterojunction system upon 650 nm pump excitation. 

 

 To investigate the performance of Sb2Se3/CdS thin film heterojunction, we 

have performed time-dependent photoresponse measurements of bare and 

heterojunction films under solar light illumination. The I-V curves of the Sb2Se3/CdS 

heterojunction film displayed in Figure 7.11A showed the diode–like behavior, which 

gave indirect evidence to demonstrate that p–n heterojunctions were formed between 

Sb2Se3 and CdS. Therefore, the result further supports that the Sb2Se3/CdS 

heterojunction film had been formed between Sb2Se3 and CdS. As shown in Figure 

7.11 B, the time-dependent photoresponse of three different samples including 

pristine Sb2Se3, CdS, and Sb2Se3/CdS heterojunction film are compared. When all the 

samples are irradiated with the same light source (Xe lamp), the photocurrent 
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response of Sb2Se3/CdS p-n heterojunction film increased substantially as compared 

to pristine Sb2Se3 and CdS films because of higher photogenerated electron-hole 

separation efficiency at the junction.
45

 These results demonstrate that the formation of 

the Sb2Se3/CdS p-n heterojunction film is advantageous for enhancing the separation 

of photogenerated carriers.  

 

Figure 7.11. (A) I-V characteristics of the Sb2Se3/CdS heterojunction. (B) Transient 

photocurrent response of pristine Sb2Se3, CdS films and Sb2Se3/CdS heterojunction 

film with the periodic (25 s) under solar light illumination of 1 sun power density. 

7.3. Conclusion 

 In summary, we have synthesized Sb2Se3/CdS p-n heterojunction film using a 

two-step thermal evaporation deposition process and performed ultrafast TA studies. 

XRD, FESEM, and XPS measurements demonstrated the successful formation of 

Sb2Se3/CdS p-n heterojunction. The TA studies reveal the slower bleach growth of 

CdS bleach in Sb2Se3/CdS heterojunction, which indicated the ultrafast electron 

transfer from Sb2Se3 to CdS. The electron transfer was further confirmed by TA 

results at low-energy pump excitation. Furthermore, the photoresponse of Sb2Se3/CdS 

heterojunction was found to be much higher owing to charge separation in 

Sb2Se3/CdS heterojunction due to the formation of the p-n heterojunction, which 

creates a depletion region across the junction and promotes charge separation in 

Sb2Se3/CdS heterojunction. Our results emphasize that Sb2Se3/CdS heterojunction 

holds immense potential for extracting charge carriers. This can be used in solar 

energy harvesting devices such as photodetectors, solar cells, and photocatalyst 

applications.  
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8.1. Conclusions 

The major goal of the current thesis is to address certain fundamental photophysical 

properties of a few well-known metal chalcogenide-based p-n semiconductor 

heterojunctions that have not yet been fully explored. These characteristics are 

especially important from the standpoint of photovoltaic and photocatalytic 

applications. We have utilized femtosecond transient absorption (TA) spectroscopy to 

investigate the innate photophysical processes in several metal chalcogenide-based 

semiconductors and their heterojunctions. The first chapter of my dissertation focuses 

on providing a thorough examination of the "Introduction" to my work. The second 

chapter covers the synthesis methodologies, and experimental techniques employed 

throughout my thesis work. The details of the various experimental setups have also 

been included in this chapter. Beginning with the third chapter, I have talked about 

several projects that I have worked on using femtosecond TA spectroscopy to analyze 

the complicated optical behavior at the interface of CZTS/CdS, SnSe/CdSe, 

Sb2Se3/CdSe, SnS/CdS, Sb2Se3/CdS p-n heterojunctions. 

 The third chapter describes the synthesis of Cu2ZnSnS4 (CZTS) NPs and CdS 

QDs and the fabrication of CZTS, CdS, and CZTS/CdS heterojunction thin films 

using the spin-coating technique. The steady-state and time-resolved 

photoluminescence studies provide evidence of the hole transfer from photoexcited 

CdS to CZTS. The hole transfer rate constant was calculated to be 0.366 x 10
9
 sec

-1
. 

The charge transfer efficiency in the heterointerface was established by the ultrafast 

experiments. The results show a drastic increase in the CdS bleach signal intensity in 

the CZTS/CdS heterojunction which firmly demonstrates the electron transfer from 

the CZTS domain to the CdS domain with a time constant of 0.14 ps. Our results 

therefore demonstrate the fast charge separation in CZTS/CdS heterojunction film.  

 The fourth chapter examines in-depth the underlying hot carrier relaxation and 

transfer strategies within the SnSe/CdSe p-n heterostructure. The partial cation 

exchange of Cd
2+

 in CdSe QDs with Sn
2+

 ions result in the synthesis of SnSe/CdSe 

heterostructure. HRTEM analysis has validated the epitaxial growth of the (400) plane 

of SnSe along the (111) plane of CdSe. Transient absorption (TA) studies demonstrate 

a sharp rise in the CdSe biexciton signal, which suggests that the hot carrier 

transferred from SnSe to CdSe in a short time scale. Following that, these carriers are 
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returned back to SnSe. The observed delocalization of carriers in these two systems is 

crucial for an optoelectronic device. 

 Further, in the fifth chapter, we have looked at the ultrafast excited-state 

dynamics at the interface of Sb2Se3 and CdSe QDs in the Sb2Se3/CdSe p-n 

heterostructure system. The fact that the hot electrons from Sb2Se3 migrate to the CdSe 

system rather than being trapped in the defect states that were present there was 

demonstrated by the enhanced CdSe hot excitonic (1P) bleach intensity in Sb2Se3/CdSe 

heterostructure. Additionally, the heterostructure's 1S and 1P signals are both 

dynamically very sluggish when compared to bare CdSe, which supports the charge 

migration phenomena. Notably, the recovery of the 1P signal takes significantly longer 

than the recovery of the 1S signal, highlighting the versatility of hot electron transfer in 

this special heterojunction, which contributes to a longer carrier lifetime in the hot state. 

This slower decay of high energy excitons offers a unique opportunity to harness these 

hot charge carriers for the betterment of any solar energy device. 

 Chapter 6 focuses on the investigation of hole transfer at the 1D/0D SnS@CdS 

p-n heterojunction. The morphological and structural characteristics demonstrate that 

CdS QDs are uniformly attached to the surface of SnS NRs and therefore closely 

bonded to that surface. Transient absorption investigations as well as steady-state and 

time-resolved photoluminescence research both showed that photoexcited holes were 

transferred from CdS QDs to SnS NRs. Additionally, the transient investigations 

revealed the delocalization of electrons between the conduction bands of SnS NRs 

and CdS QDs in the SnS@CdS heterostructure. Furthermore, pump fluence 

investigations demonstrated that in SnS@CdS heterostructure, hole migration rather 

than auger recombination is taking place. These findings will offer a new angle on 

creating more effective and affordable energy storage devices. 

 The last and Chapter 7 highlights the charge transfer and recombination 

mechanisms in the Sb2Se3/CdS thin film p-n heterojunction. We used the thermal 

evaporation technique to fabricate the Sb2Se3/CdS film. The ultrafast studies reveal 

the electron transfer from Sb2Se3 to CdS thin film and spatial charge separation at the 

Sb2Se3/CdS p-n junction. Moreover, under light illumination, the photocurrent 

response of Sb2Se3/CdS heterojunction was significantly improved over that of bare 

Sb2Se3 and CdS films. This directly connects to our transient results and shows 
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enhanced charge separation of photogenerated charge carriers in the heterojunction 

system. The efficient charge separation in Sb2Se3/CdS heterojunction is crucial for the 

fabrication of photovoltaic and photocatalytic devices. 

8.2. Future Perspective  

 Exploring the electron and hole dynamics within p-n heterojunctions is pivotal 

for gaining a comprehensive understanding of their optical and material 

characteristics. The research work presented in this thesis will open a new research 

paradigm by bringing up in-depth knowledge of ultrafast charge transfer kinetics at 

heterojunction interfaces. We have looked at the potential use of these materials in 

various photocatalytic and photovoltaic applications. Despite the high potency of 

these metal chalcogenide systems, there is still a significant gap between the 

laboratory-made prototypes and the final, commercially viable products.  

 The development of semiconductor heterojunctions is an important area of 

research for practical applications. To date, a variety of approaches have been 

developed to prepare many kinds of heterojunction systems. It still seems like there is 

a lot of work to be done in the area of discovering and synthesizing promising 

materials. Emphasis should be given on synthesis of high quality CZTS NPs, SnS 

NRs and bare Sb2Se3 to improve the quantum yield which would be interesting as we 

observed a negligible photoluminescence from these samples. It would have a huge 

effect in reducing the non-radiative channels thereby improving the better charge 

separation and power conversion efficiency. Furthermore, we need to focus more on 

synthesizing heterojunction systems. The heterojunctions have already shown their 

potential in the optoelectronic arena. We should improve the synthesis techniques for 

making materials. Vaccum-based thermal evaporation deposition method is being 

implemented in many state-of-the-art optoelectronic devices. To further enhance the 

transfer of photogenerated electron and hole pairs, double p-n heterojunctions can be 

designed. 

 The transition from laboratory to industry places additional constraints on a 

solar cell material, including its stability and the earth's abundance and nontoxicity of 

its constituents. The presence of toxic metals such as Cd causes all these materials to 

fail with respect to one or more of the sustainability criteria. Therefore, the 
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semiconductor heterojunctions consisting of earth-abundant and non-toxic elements 

need to be prepared. Keeping in mind of toxicity of cadmium, more and more 

cadmium-free electron transport layers need to be explored. 

 Prior knowledge of charge transfer and relaxation dynamics can be truly 

advantageous for different future applications. Additionally, ultrafast spectroscopic 

studies at a lower temperature would produce a lot of useful information about the 

material. To fully comprehend the optical and material features, charge transfer 

dynamics in semiconductor heterostructures would be beneficial. The research 

described in this thesis will lead to new discoveries by mentioning an in-depth 

understanding of ultrafast charge carrier dynamics. In summary, in order to 

manufacture advanced systems and eventually revolutionize the optoelectronic area, 

we need to employ the TA spectroscopy approach in a variety of materials. 
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