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Abstract 
 

This thesis presents a comprehensive investigation into the synthesis and fabrication 

of heterostructures comprising transition metal dichalcogenides (TMDs) and lead 

halide perovskite materials. The research focuses on exploring the growth mechanism, 

material properties and the potential applications of heterostructures of these materials 

in the field of optoelectronics. 

The study begins with a thorough examination of the synthesis routes for TMDs and 

perovskites, aiming to develop novel methods that enable the controlled growth of 

these materials with good optical and electrical properties. Special emphasis is placed 

on the synthesis of monolayer TMDs, leveraging growth promoters and optimizing 

chemical vapor deposition parameters to achieve improved control and 

reproducibility. Additionally, novel solvothermal methods are invented to grow lead 

halide perovskites with ultra-low dark currents. The thesis also discusses a technique 

to perform photolithography on water-soluble materials, enabling the fabrication of 

electrical devices out of water-soluble CsPbBr3. 

The final phase of the research focuses on the realization of heterostructures by 

combining TMDs and perovskites. A Transfer technique was developed for the 

successful transfer of 2D as well as perovskite materials. By employing this technique, 

we successfully fabricated photodiodes and LEDs out of the TMD perovskite 

heterostructures. 

Overall, this thesis provides a comprehensive understanding of the synthesis and 

fabrication of heterostructures involving TMDs and perovskites. The results obtained 

demonstrate the potential for these heterostructures in optoelectronic applications, 

including photodetectors, light-emitting diodes, and sensors. The research contributes 

to the ongoing efforts in developing advanced materials and devices for the next 

generation of optoelectronic technologies. 
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Chapter 1  

Introduction 

This chapter gives a brief introduction to the thesis comprising of most of the work done over 

the last six years. 

1.1 Introduction 

The invention of the transistor at bell labs in 1947 marked the dawn of the semiconductor era, 

ushering in a remarkable era of precise control over electrical current. Semiconductors have 

since become the lifeblood of our technological progress, serving as the fundamental building 

blocks for countless electronic devices that have transformed the way we communicate, 

compute, and engage with the world. These extraordinary materials have provided us with 

unprecedented abilities to manipulate the flow of electricity. From transistors to integrated 

circuits, semiconductors have played a pivotal role in shaping our modern society. Nevertheless, 

as we continue to push the boundaries of technology, there is a growing need to explore new 

realms of physics and materials to support and accelerate our progress. Our relentless pursuit of 

technological innovation demands ongoing exploration and innovation in semiconductor 

materials, as our future will be built on semiconductors. 

We obtained unprecedented control over silicon and this has made immense contributions to the 

evolution of electronic devices. However, as the demands for faster, smaller, and more efficient 

devices increase, the limitations of conventional materials like silicon become more evident. 

Exploring new materials with unique properties and characteristics has become crucial to 

overcome these limitations and driving the next wave of technological advancements.  

 

1.2 Materials of interest 

In this thesis, we explore TMDs and lead halide perovskite different classes of materials both of 

which were in the limelight in the research community over the past decade. The renewed 
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interest in the case of TMDs arises because of their intriguing optoelectric properties that emerge 

at the monolayer limit which set them apart from their bulk counterparts and perovskite garnered 

interest because of its potential in energy harvesting capabilities and possible optical and 

electronic devices such as nanowire lasers, LEDs, photodetectors, etc. 

 

1.2.1 Monolayer TMDs 

The discovery of two-dimensional (2D) Van der Waals materials has ushered in a new era of 

physics, characterized by the emergence of intriguing properties that are prominent in the 

monolayer regime.[1][2] These materials not only showcase unique features but also offer 

unprecedented opportunities for encoding, processing, and storing information through the fields 

of valleytronics, spintronics, straintronics, and twistronics. [3–11] As a result, they hold 

immense promise for shaping the future of the semiconductor industry, potentially 

revolutionizing its landscape by introducing novel effects. 

Among the 2D materials, monolayer transition metal dichalcogenides (TMDs) such as MoS2, 

MoSe2, WS2, and WSe2 are particularly noteworthy candidates for semiconducting 2D structures 

due to their direct band gap characteristics and fascinating optoelectric properties.[12–15] The 

monolayer form of TMDs, in particular, exhibits distinct characteristics that significantly deviate 

from their bulk counterparts. The properties of monolayer TMDs, including electronic structure, 

dipole moment, band gap, mobility, carrier density, and local charge distribution, critically 

depend on their morphology, which can be tailored through stretching, twisting, bending, or 

wrinkling.[16–20] This precise control over the morphology of 2D materials presents new 

possibilities for engineering material properties, such as enabling unconventional light-matter 

interactions in optical metasurfaces through subwavelength-scale morphological control of 

TMDs. 

offer exciting opportunities for exploring novel physics and enabling enhanced control in device 

applications. These materials hold significant promise as emerging materials for future 

technological advancements. Figure 1.1, adapted from Lemme, M.C. et al, illustrates the 

potential of 2D materials and highlights the slowdown in silicon technologies.[21] 
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Figure 1.1: illustrates the evolution of silicon technology scaling and the future prospects of 

incorporating 2D materials in semiconductor processing.[21] 

 

1.2.2 All inorganic perovskites 

Metal halide perovskite materials have garnered significant attention due to their remarkable 

characteristics, including facile fabrication, low trap state density, high coefficient of optical 

absorption, low exciton binding energies, tunable bandgap, and long diffusion lengths of charge 

carriers.[22–27] These exceptional properties position them as highly desirable materials for a 

wide range of optoelectronic devices, such as solar cells, light-emitting diodes, lasers, and 

photodetectors.[28–32] 

The organic-inorganic hybrid perovskites display inherent instability due to their sensitivity to 

moisture, heat, and oxygen.[33–38] But this limit was overcome by the introduction of all-

inorganic components through cation substitution and has led to improved thermal 

stability.[39,40] The all-inorganic perovskites exhibit intriguing features, including high 
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photoluminescence (PL) quantum yield , narrow emission bandwidth, tunable optical and 

electrical properties, and adjustable electroluminescence emissions.[41–46] These properties 

enhance their attractiveness for a broad range of applications. 

Thus metal halide perovskite materials have emerged as highly promising candidates for 

optoelectronic devices. The region where they have outshone every other material is their rise 

as a photovoltaic material. The schematic in Fig. 1.2 shows the evolution of conversion 

efficiencies of various technologies from 1985 to 2015. They have demonstrated an 

unprecedented rate of efficiency growth, surpassing any other technology in the history of 

photovoltaics. Their efficiency climbed from 3.9% in 2009 to a staggering 25.8% in 2021.[47]  

 

 

Figure 1.2: Schematic showing the efficiency improvements achieved in various thin-film 

photovoltaic technologies over the years. Among them, perovskite-based solar cells have 

demonstrated an unprecedented rate of efficiency growth, surpassing any other technology in 

the history of photovoltaics. Reproduced with permission from Ref. [48] 
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1.3 Strained monolayer TMDs 

Theoretical studies have shown that the electron-phonon coupling in MoS2 is the main reason 

for its electrical resistance.[49] This limits the mobility of electron around 275 cm2/(V.s) at room 

temperature but by straining the monolayer by 3% we can completely decouple the phonons and 

improve the room temperature mobility to 1150 cm2/(V.s). The strength of the electron-phonon 

coupling increases with the doping density, but it decreases with strain. The change in electron-

phonon coupling as a function of doping and strain is given in Fig. 1.3. The improvement in 

mobility with strain has been observed experimentally as well.[17][50] 

Strain also effect the optical characterization of TMDs such as its PL and Raman signals. [51–

54]. This makes strain a wonderful tool to tune the optoelectric properties of monolayer TMDs. 

The ability of monolayers like MoS2 to withstand very high values of strains of about 11% also 

makes this all the more alluring. [55] 

 

 

Figure 1.3: The distributions of the wave-vector-resolved electron-phonon coupling parameter 

λqtr are mapped at various doping concentrations and tensile strains. (a) to (d) represent the maps 

of λqtr at doping concentrations of n2D = 0.6, 1.6, 1.7, and 1.9 × 1014 cm−2 under strain-free 

conditions. On the other hand, (e) to (h) depict the distributions of λqtr at tensile strains of ε = 

0.4%, 0.8%, 1.2%, and 3.0% with a doping concentration of n2D = 1.7 × 1014 cm−2. Reproduced 

with permission from Ref. [49] 
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Interesting effects like funnel effect and exciton to trion conversion happen in nonuniformly 

strained TMDs.[56][57] The effects cause diffusion of excitons from the unstrained region to 

the region of maximum strain caused by band bending. The exact mechanism in funneling and 

trion conversion slightly differs. However, the nonuniformly strained system in both cases 

produces an enhancement in PL which is interesting. As the nonuniformly strained region give 

rise to a continuous band modulation the system in itself is interesting. This thesis aims to touch 

upon these unique in-plane heterostructures due to their interesting nature. 

 

1.4 Heterostructures 

Semiconductor heterostructures, by combining different semiconductors with complementary 

properties, offer unique opportunities for engineering electronic and optoelectronic devices.[58] 

Semiconductor heterostructures, composed of distinct layers of semiconducting materials, 

enable precise control over band alignment, carrier confinement, and interface engineering. This 

control over the electronic and optical properties allows for the creation of devices with 

enhanced performance and novel functionalities. Heterostructures have led to a wide range of 

applications and devices, including diodes, transistors, lasers, photodetectors, and solar cells, 

among others.[59] 

Recently, the emergence of 2D Van der Waals materials has garnered significant attention, as 

they can readily form great contact with other materials by simply placing them onto the material 

of interest. The Van der Waals nature of their bonds and their highly flexible nature are the 

crucial characteristics that enabled this ease of fabricating heterostructures.[60] 

Perovskite 2D heterostructures represent a recent and exciting addition to the field of 

semiconductor heterostructures.[61][62] The perovskite 2D heterostructures exhibit intriguing 

properties arising from the combination of the constituent layers, including enhanced charge 

transport, improved stability, and tunable optoelectronic properties. 

As both materials have very good optoelectric properties, the development of perovskite 2D 

heterostructures could open up new avenues for creating high-performance devices with 

advanced functionalities. Thus, their application in light-emitting diodes, photodetectors, and 
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transistors could revolutionize the field of optoelectronics. The exploration and utilization of 

perovskite 2D heterostructures hold great promise for the development of next-generation 

optoelectronic devices and pave the way for exciting advancements in the field of materials 

science. 

 

1.5 Thesis outline 

The thesis is organized into the following eleven chapters. 

Chapter 1 gives a brief introduction to semiconducting materials and introduces TMD 

monolayers and perovskites as upcoming semiconductors with good optoelectric capabilities. 

The chapter then briefly describes various semiconducting heterostructures and the possible 

applications of heterostructures are discussed. 

Chapter 2 presents the major characterization techniques used in the thesis to study the 

synthesized materials. The chapter also discusses the major device fabrication techniques used 

to make active devices for electrical characterization of these materials and their hetrostructures. 

Chapter 3 details the instrumentation done while setting up our lab. 

Chapter 4 discusses how sensitive the CVD growth of monolayer is to fluctuations in flow. We 

then used this sensitivity of growth to create a self-modulating effect that help in the growth of 

monolayers under conditions suited for the growth of bulk TMDs 

Chapter 5 Investigate a novel growth promoter sodium silicate, also known as water glass (WG) 

to synthesize MoS2 monolayers. The chapter then demonstrates how better WG is in 

synthesizing TMDs by comparing the growth and field effect mobility with that of salt.  

Chapter 6 examines the effect of strain on the optoelectronic properties of MoS2. The strain 

caused by growing TMDs conformally on textured substrates led to an interesting modulation 

in their PL emission spectra. 

Chapter 7 discusses the growth of CsPbI3 nanowires in the Hot Injection method wherein the 

mechanism of growth of nanowires is studied by a series of experiments involving the in-situ 

observation of the growth using an optical microscope. 
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Chapter 8 demonstrates a sacrificial layer-assisted novel lithography technique that enabled the 

fabrication of electrical devices out of water-soluble perovskite crystal using traditional water-

based photolithography. 

Chapter 9 presents a novel low-temperature solvothermal technique to grow CsPbBr3 

nanoplatelets with lateral dimensions in tens of micrometers and possessing ultralow dark 

currents. The method also led to the synthesis of ferroelectric CsPbBr3 platelets. 

Chapter 10 concludes the thesis by outlining the future direction of the work done in this thesis 

which includes ongoing works on photodiodes of CsPbBr3 and MoS2 heterostructures and LEDs 

made using WS2 CsPbBr3 heterostructures. 
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Chapter 2  

Experimental Techniques 

This chapter discusses some of the experimental and characterization techniques used for 

material characterization and device fabrication used in this thesis. 

 

2.1 Introduction 

The field of materials science and engineering has witnessed remarkable advancements in recent 

years, leading to the development of novel materials and advancement in our technological 

prowess.[1,2] This trajectory is set to continue as ongoing discoveries in materials and physics 

fuel further advancements and breakthroughs in the field.[3–8] These advancements are often 

driven by a deep understanding of material properties and our ability to precisely tune them to 

suit our needs. The experimental and characterization techniques employed in material 

characterization and device fabrication play a crucial role in unraveling the mysteries of 

materials and harnessing their potential for technological applications. As a consequence, 

material characterization and device fabrication emerge as indispensable components within the 

realm of materials science. 

This chapter discusses some of the experimental and characterization techniques utilized in the 

context of material characterization and device fabrication within the scope of this thesis. The 

objective of this chapter is to present a comprehensive overview of the diverse techniques 

employed in material characterization and device fabrication, emphasizing their relevance and 

impact on the research conducted in this thesis. Additionally, more experimental techniques are 

discussed in Chapter 3, which discusses the instrumentations done by us to establish our lab at 

IISER Pune. 

Overall, this chapter serves as a comprehensive introduction to most of the experimental and 

characterization techniques used by us in material characterization and device fabrication within 

the scope of this thesis.  
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2.2 Material characterization 

The materials explored in this thesis are mainly lead halide perovskites and monolayer TMDs 

both of which are crystalline direct bandgap materials. A range of characterization techniques 

has been utilized to investigate these materials after their growth, allowing for a comprehensive 

analysis of their structural, optical, and chemical properties. 

One of the primary techniques employed for analyzing lead halide perovskite is X-ray diffraction 

(XRD), which provides valuable insights into the crystal structure, lattice parameters, and 

orientation of the materials. Raman spectroscopy played a pivotal role in the analysis of mainly 

monolayer TMDs, enabling the investigation of vibrational modes, strain effects, and disorder 

within the crystalline lattice. X-ray photoelectron spectroscopy (XPS) was implied in probing 

oxidation states, and surface chemistry of the TMDs.  

Other techniques such as Photoluminescence (PL) spectroscopy, high-resolution transmission 

electron microscopy (HRTEM), Field-emission scanning electron microscopy (FESEM) and 

energy-dispersive X-ray spectroscopy (EDX) proved to be highly suitable for both materials.  

 

2.2.1 X-ray diffraction 

XRD is a powerful technique for evaluating the crystal structure of various crystals by analyzing 

the diffraction of X-rays caused by the periodic arrangement of atoms within a crystal lattice. 

The interatomic spacing of crystals is comparable to the wavelength of X-rays, this causes X-

rays to diffract by seeing the crystal lattice as a grating giving rise to a diffraction pattern. The 

distance between the atoms results in specific angles at which the X-rays get diffracted. This 

phenomenon is described by Bragg's Law, formulated by Lawrence and William Bragg in the 

early 1900s, who were awarded the Nobel Prize in 1913 for their discovery.[9] The equation for 

diffraction, 2d sin(θ) = n λ, forms the basis for X-ray analysis, where d represents the interatomic 

spacing.[10,11] 

We used a Bruker D8 Advance X-ray diffractometer at room temperature using Cu-Kα radiation 

(λ = 1.5406 Å). The typical step size I use for my measurement is 0.02°. Fig. 2.1 a and b shows 

the photographs of the machine used for the XRD. Over the years, researchers have extensively 

utilized XRD to investigate known materials, resulting in the establishment of a comprehensive 

database of XRD patterns accessible to all. Notable contributions to this field include the 
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Inorganic Crystal Structure Database (ICSD) and the Crystallography Open Database (COD). 

The ICSD, which contains over 140,000 structures, can be accessed via the Chemical Database 

Service (CDS) hosted at the Daresbury Laboratory at http://cds.dl.ac.uk. On the other hand, the 

COD is an open-access repository that encompasses crystal structures of organic, inorganic, 

metal-organic compounds, and minerals (excluding biopolymers), and encourages registered 

users to contribute published and unpublished structures of small molecules and small to 

medium-sized unit cell crystals. Their open and collaborative nature, enables researchers 

worldwide to share and explore crystallographic data, facilitating advancements in various 

scientific domains.  

A Crystallographic Information File (CIF) is a widely adopted file format utilized for the storage 

and exchange of crystallographic data. The CIF file corresponding to a crystal structure can be 

obtained from the Cambridge Crystallographic Data Centre (CCDC) website at 

https://www.ccdc.cam.ac.uk/structures/. The CCDC number, also known as the Cambridge 

Crystallographic Data Centre number, the CSD number, which refers to the Cambridge 

Structural Database, the ICSD number, associated with the Inorganic Crystal Structure 

Database, or the CSD reference number can all be utilized as search parameters when conducting 

queries in these databases. Alternatively, one can search the material project website https://next-

gen.materialsproject.org/ to access calculated XRD patterns for numerous materials. The 

Materials Project is an online platform and database that provides comprehensive information 

and resources related to materials science and engineering. It offers researchers access to a vast 

collection of computed data, including XRD patterns and crystallographic information. 

Softwares like VESTA can be used to easily read these CIF Hence the XRD data from these 

sources can be used to compare the phase and structure of the synthesized crystals. 

Fig. 2.1 c shows the XRD plots of the cubic and orthorhombic crystal structure of CsPbBr3 as 

obtained from the CIF files ICSD 97851 and ICSD 97852. The difference in their XRD pattern 

is obvious. Especially the twin peaks around 30 degrees makes it very easy to distinguish the 

cubic crystal from the orthorhombic crystal demonstrating the capability of XRD to distinguish 

polymorphs of different crystals. This helped us in identifying the crystal structures of perovskite 

crystals and played a major role in their characterizations. 

http://cds.dl.ac.uk/
https://www.ccdc.cam.ac.uk/structures/
https://next-gen.materialsproject.org/
https://next-gen.materialsproject.org/
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Figure 2.1: (a) and (b) are the photograph of the Bruker D8 Advance X-ray diffractometer. (c) 

XRD pattern of 2 different crystal structures of CsPbBr3. 

 

2.2.2 XPS 

XPS is an invaluable analytical technique that can provide detailed information about the 

chemical composition and electronic structure of materials.[12] In this thesis, we used XPS for 

characterizing monolayer TMDs and the intermediate formed during its synthesis. 

XPS involves irradiating the sample with soft x-rays, and then analyzing the kinetic energy of 

the emitted electrons. The energy transfer during this process is expressed by the equation: 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜑𝑠𝑝𝑒 

 Where, ℎ𝜈  is the energy of the x-ray, 𝐵𝐸 is the binding energy of the electron to the 

atom/orbital, 𝐾𝐸 is the kinetic energy of the emitted electron, and 𝜑𝑠𝑝𝑒 is the spectrometer work 

function which is a constant value. In XPS, the binding energy is measured relative to the 

sample Fermi level. Photoelectron peaks are labeled based on the element and orbital from 

which they were ejected. The binding energy of an electron is a material property and remains 

constant regardless of the x-ray source used. However, the kinetic energy of the emitted 
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photoelectrons varies depending on the x-ray source. A schematic of the working of XPS is 

shown in Fig. 2.2. 

XPS assumes a crucial role in the characterization of intermediates formed during the growth 

of TMDs. It provides valuable insights into the elemental composition and chemical states of 

both the intermediates and the resulting TMDs, thereby facilitating a deeper understanding of 

the growth process.  

 

Figure 2.2: Schematic showing the working of an XPS measurement. Reproduced with 

permission from Ref. [12] 
 

By irradiating the material with x-rays and measuring the kinetic energy of the emitted 

photoelectrons, XPS can precisely determine the atomic composition of the material surface 

and identify any impurities or contaminants present. It can discern between different oxidation 

states and reveal the presence of defects or surface modifications that may influence the 
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material's properties. This information is crucial for understanding the surface reactivity, 

stability, and potential interactions with other materials or environmental conditions.  

 

2.2.3 Optical techniques 

In this subsection, we discuss the characterization techniques of Raman spectroscopy, 

photoluminescence (PL) spectroscopy, and second harmonic generation (SHG), all of which 

are non-invasive means to study the properties of materials by exciting them with light. Raman 

spectroscopy, based on the principle of Raman scattering discovered by Sir C.V Raman, 

provides valuable insights into the vibrational modes of a system through inelastic scattering 

of light.[13] On the other hand, PL spectroscopy offers a means to study the optical properties 

of materials by exciting them with light and measuring the emitted photons.[14] The materials 

investigated in this thesis belong to the category of direct bandgap materials, which exhibit high 

photoluminescence. SHG, initially discovered by Frank et al. in 1961, is a nonlinear optical 

phenomenon that occurs in materials lacking inversion symmetry. [15,16] It involves the 

combination of two photons to generate a new photon with twice the frequency, resulting in an 

emission at precisely half the wavelength of the original light source. This intriguing process 

provides valuable insights into the optical properties of materials and is widely used for 

studying various phenomena in nonlinear optics and material science.  

Monolayer TMDs and Perovskites are of interest as they possess a direct bandgap and host a 

diverse range of excitonic species and intriguing phenomena.[17] Photoluminescence serves as 

a powerful tool to explore and characterize these materials, enabling the investigation of various 

unique effects and phenomena associated with excitons. By utilizing photoluminescence 

spectroscopy, we can gain valuable insights into the optical properties and excitonic behavior 

of these direct bandgap materials, unraveling their fascinating attributes. 

Raman spectroscopy is a powerful and non-destructive technique that enables the investigation 

of electronic and vibrational states. When light interacts with a substance, it undergoes various 

processes, including absorption, reflection, and scattering. Raman scattering occurs when the 

scattered light has frequencies different from the incident light, resulting in the emission of 

photons with altered frequencies. This inelastic scattering provides valuable information about 

the vibrational modes of the material. As the vibrational modes of different materials differ 

from one another Raman spectroscopy is regarded as the molecular fingerprint and is unique 
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for the materials that are Raman active.  

Raman spectroscopy is widely employed in the study of various materials, including TMDs and 

perovskites, to gain insights into their vibrational properties, layer number, disorders, doping, 

and strain-induced effects. TMDs, such as MoS2, exhibit unique Raman spectra that provide 

important signatures of their structural and vibrational properties. In the case of MoS2, the 

Raman spectrum exhibits distinctive peaks corresponding to different vibrational modes, such 

as the out-of-plane relative motion of sulfur atoms (A1g) and the in-plane opposing motion of 

molybdenum and sulfur atoms (E2g). The (A1g) peak provide information on doping and the 

(E2g) provide valuable information on the strain in the films.[18] 

In our study, we utilized Raman spectroscopy, PL spectroscopy and SHG to characterize the 

synthesized semiconductors. Raman spectroscopy was mainly performed using a 532 nm 

Continous Wave diode laser and a 100x objective with 0.95 NA, while PL spectroscopy 

involved the excitation of the samples using a 532 nm laser and the collection of emitted light 

through a 100x lens with 0.95 NA. The SHG studies were performed using a Ti-Sapphire Laser 

(operating at 140fs, 80 Hz), with an excitation wavelength of 810 nm. Most of the optical 

measurements were carried out in Dr. G. V Pavan Kumar’s lab at IISER Pune and all the PL 

and Raman mapping were carried out in Dr. Stéphane Berciaud’s lab at IPCMS, Strasbourg. 

 

2.2.4 AFM 

Atomic Force Microscopy (AFM), is a powerful scanning probe microscopy technique used to 

obtain topographical images of sample surfaces. G. Binnig and C. F. Quate at IBM developed 

the AFM by combining the principles of the scanning tunneling microscope and the stylus 

profilometer.[19] The AFM measurement involves the scanning of the surface using a sharp tip 

attached to a flexible cantilever, the atomic force between the surface and the tip causes the tip 

to deflect. The deflection is measured by using a laser beam focused onto the reflective-coated 

tip of the flexible cantilever as shown in Fig. 2.4, and the reflected beam is detected using a 

position-sensitive photodetector. The position-sensitive photodetector consists of multiple 

segments, and the position of the laser spot on these segments provides information about the 

deflection of the cantilever. By monitoring the position of the laser spot on the photodetector, 

the displacement of the cantilever can be determined. AFM offers atomic resolution and 3D 
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topographic imaging capabilities and can provide a lot more information depending on the AFM 

tip used. Some of the different AFM techniques include Magnetic AFM, Kelvin Probe Force 

Microscopy, Piezo Force Microscopy(PFM), and Conductive AFM.[20–23] It can be operated 

in different modes, such as contact mode or tapping mode, and can be used in ambient or 

controlled environments. AFM measurements in this thesis were performed using a Keysight 

5500 AFM. The thesis also involves the measurement from PFM done by our collaborator Dr. 

Goutam Sheet’s lab at IISER Mohali. PFM measurements were conducted using an Asylum 

Research AFM (MFP-3D) system equipped with a high-voltage amplifier. The sample was 

affixed to a conducting sample holder, which was directly linked to the amplifier's ground. A 

conductive AFM cantilever, with a Pt-Ir tip, was used to perform the PFM measurements.[24] 

In this thesis, AFM was employed to characterize the surface roughness and measure the 

thickness of perovskite platelets. Additionally, PFM was utilized to investigate the ferroelectric 

properties of the samples.  

 

Figure 2.4: Schematic showing the working of an AFM 

 

2.2.5 HRTEM 

The development of electron microscopy revolutionized the field of microscopy by overcoming 

the fundamental limitations imposed by visible light on resolving objects. The smallest 

achievable angle ϴ between two circular point sources is the best obtainable resolution and is 
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given by the Rayleigh criteria 

 ϴ = 1.22
𝜆

𝑑
 

Where, 𝜆 is the wavelength and d is the diameter of the circular aperture. This fundamental 

limit is imposed by diffraction and for an optical microscope the minimum resolution 𝑅 is given 

by 

𝑅 =
0.61 × 𝜆

𝑁. 𝐴
 

Where, 𝑁. 𝐴 is the numerical aperture of the microscope objective. Using visible light, the 

shortest wavelength that we can see with the naked eye is close to 400 nm. However, using 

electron for imaging gives us the advantage of having an easy to control particle with tunable 

wavelength. The wavelength of the electron is governed by the de Broglie wavelength equation 

𝜆 =
ℎ

𝑚 × 𝑣
 

Where, ℎ is the Planck's constant𝑚 is the mass of the electron and 𝑣 is the velocity. It is easy 

to control the velocity of electrons by applying an electric field and thus its wavelength. The 

breakthrough in imaging capabilities using electrons was first demonstrated by G.P. Thomson 

in 1927 when he formed a transmission electron diffraction pattern using electrons that passed 

through a thin specimen.[25] The key principle behind HRTEM lies in the ability to focus 

electrons using electric or magnetic fields and Ernst Ruska made significant contributions to 

the development of electron lenses in the 1930s.[26] Ernst Ruska was awarded the Nobel Prize 

in Physics in 1986 for his groundbreaking contributions to the design and development of the 

electron microscope. Further advancements in electron lens technology led to the construction 

of transmission electron microscopes (TEMs), where electrons pass through a thin specimen 

and are then imaged using appropriate lenses. These early TEMs employed lenses arranged 

horizontally, but later designs adopted a vertical column arrangement to ensure better alignment 

and stability. [25] The electron source in TEMs utilizes a tungsten filament or a lanthanum 

hexaboride (LaB6) crystal. These electron sources are chosen for their ability to emit a high-

intensity electron beam with good stability and a long lifespan. By applying high voltages, the 

electron beams in electron microscopes are accelerated, allowing them to pass through thin 

samples with an extremely small wavelength. This enables electron microscopes to achieve 
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atomic-scale resolution, providing detailed imaging and analysis of the specimen at the atomic 

level.  

HRTEM revolutionized materials characterization by enabling the examination of the materials 

at the atomic level. It provided direct visualization of lattice including crystalline defects. In 

this thesis, we use HRTEM to analyze Quantum dots (Q.D), nanowires, and monolayer TMDs. 

We use HRTEM (JEM-2100F, JEOL) for TEM imaging at IISER, and HAADF-STEM images 

were acquired with Hitachi HD2700C dedicated STEM with Cs probe corrector SAED patterns 

were obtained using Thermo-Fisher Talos F200X at BNL. 

  

2.2.6 SEM 

The scanning electron microscope (SEM) works with the same principles as a TEM. SEM has 

emerged as a powerful tool for examining relatively thick specimens, addressing a limitation 

of the TEM. In TEM, the specimen needs to be extremely thin for the successful transmission 

of electrons, which restricts its applicability. The development of SEM was driven by the need 

for an electron-beam instrument that offers improved spatial resolution with the advantage of 

working with bulk specimens.[25] 

SEM operates by exploiting the phenomenon of electron scattering and secondary electron 

emission.[27,28] Instead of transmitting through the specimen, primary electrons can interact 

with atomic electrons within the solid, resulting in the release of secondary electrons. These 

secondary electrons are emitted with varying energies, making it challenging to focus them for 

imaging using electron lenses. However, SEM utilizes a scanning principle where a focused 

electron probe is scanned across the specimen using electrostatic or magnetic fields. By 

simultaneously scanning in two perpendicular directions, a raster pattern is formed, covering a 

square or rectangular area. Secondary electrons emitted from each point on the specimen are 

collected to generate an image of the area. 

 

This raster-scanning approach is analogous to the generation and reception of television signals. 

The same principle is employed in the deflection of the electron beam within a cathode-ray tube 

(CRT) used for image recording.[25] In SEM, the image is produced sequentially, point by 

point, unlike the simultaneous image formation in TEM or light microscopy. Early prototypes 
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of SEM utilized field-emission electron sources, while later models adopted heated-filament 

sources, with electrostatic lenses focusing the electrons onto the specimen. 

In this thesis, we use a Zeiss Ultra Plus FESEM with an integral charge compensator and 

embedded EsB and AsB detectors (Oxford X-max Instruments 80 mm2 (Carl Zeiss NTS, 

GmbH)). The FESEM is used to image the grown materials and textured substrates. 

 

 

2.3 Device fabrication techniques 

In the modern digital age, electronic devices have become an indispensable component of our 

daily lives, ranging from smartphones and personal computers to various gadgets. These devices 

consist of billions of individual components that work together to provide various 

functionalities. The fabrication of active devices using novel semiconductor materials plays a 

crucial role in advancing technology and meeting the demands of modern society. 

The focus of this thesis is to synthesize and utilize novel semiconductor materials such as 

perovskites, TMDs and their heterostructures for device applications. The materials, often on 

the scale of a few tens of micrometers, possess unique electrical and optoelectronic properties 

that make them promising candidates for next-generation devices. To fully understand and 

harness their potential, it is essential to fabricate microscale devices on these materials and 

characterize their properties. 

Fabrication techniques such as lithography and deposition play a vital role in the creation of 

these microscale devices. Lithography enables precise patterning and structuring of materials at 

the micro- and nanoscale, allowing for the creation of intricate device architectures. Deposition 

techniques, such as magnetron sputtering, provide a versatile method for depositing a wide 

variety of materials onto substrates, enabling the integration of different functional layers within 

a device structure.  

We will discuss the techniques used in this thesis to fabricate devices and how they were 

integrated into a PCB for further characterization. 
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2.3.1 Photolithography  

Lithography techniques serve as the cornerstone of semiconductor fabrication, playing a pivotal 

role in the production of advanced electronic devices. Photolithography dominates the 

semiconductor industry because of its high throughput. The method involves the use of a 

polymer compound which when light shines on causes a chemical change that prevents or allows 

it to be washed in a developer solution.[29] 

Traditional lithography methods rely on masks, whereas direct laser writing lithography 

eliminates the need for a mask, offering increased flexibility and simplicity in the fabrication 

process. This not only reduces production costs but also enables rapid prototyping and design 

modifications.[30] Moreover, the scalability of direct laser writing lithography makes it suitable 

for both small-scale research projects and large-scale production applications. But the 

throughput of this would pale in comparison to traditional mask-based lithography as the process 

is more time-consuming. 

However, direct laser writing offers distinct advantages, including maskless patterning, cost-

effectiveness, and design scalability, making it a promising approach for sub-micron feature 

fabrication.[30]  The key principle behind direct laser writing lithography involves utilizing a 

laser beam to directly expose and pattern a photosensitive material, such as a photoresist or a 

photopolymer, on a substrate. The laser intensity, controlled by factors such as laser power and 

exposure time, determines the degree of material modification and pattern resolution. The 

movement of the substrate stage at a defined speed, combined with the precise focusing of the 

laser beam, allows for the creation of intricate patterns with sub-micron dimensions. 

We use S1813 positive photoresist which we spin coat on the substrate at 4000 rpm followed by 

baking at 110 0C for 1 min. The as-prepared substrate is loaded onto MICROTECH LW405 

laser direct writer which uses a 405 nm laser to expose the resist according to our design. The 

resist is then washed in MF319 developer for 1 min washing off the exposed photoresist. The 

patterned substrate is then washed in deionized water followed by blow drying to complete the 

lithography. 
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Figure 2.5: (a) Photograph of MICROTECH LW405 system used. (b) schematic of the 

lithography process. 

 

2.3.2 Physical Vapor Deposition 

Deposition techniques play a crucial role in device fabrication and thin film deposition for a 

wide range of applications. These techniques enable the controlled deposition of materials onto 

substrates, allowing the formation of thin films with desired properties and structures. Coupled 

with lithographic techniques you can create active devices from the nanoscale to the macro 

scale. Among the various deposition methods available, thermal vapor deposition (TVD) and 

magnetron sputter deposition (MSD) are widely used. 

TVD offers precise control over film thickness and composition. One of the major advantages 

of TVD is its ability to deposit a wide range of materials, including metals, organic compounds, 

and inorganic compounds with low vaporization temperatures.[31] This method involves the 

evaporation of a solid material by heating it to its vaporization temperature, causing the atoms 

or molecules to enter the gas phase. The vaporized material then condenses onto a substrate, 

forming a thin film with desired properties. 

TVD is typically performed under a vacuum to minimize the presence of impurities and ensure 

a controlled deposition environment. The vacuum environment eliminates the interference of 

air or other gases, which can affect film quality and purity.  

Another advantage of TVD is its inherent directionality. When the vaporized material travels 

from the source to the substrate, it tends to move in straight lines due to its high kinetic energy. 

This directional motion allows for the deposition of thin films with good adhesion and 

uniformity. However, it also introduces a phenomenon known as the "shadow effect". This 
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occurs when the substrate is partially shielded by features on its surface, leading to variations 

in film thickness and potential gaps in coverage. One common approach is to rotate the substrate 

or the deposition source during the process, ensuring more uniform coverage and minimizing 

the impact of shadowing. Additionally, the use of multiple deposition sources or a collimated 

vapor source can enhance deposition uniformity. 

The high purity and control over film thickness make TVD suitable for many applications, 

including semiconductor manufacturing, optical coatings, protective layers, and electronic 

device fabrication. It offers advantages in terms of cost-effectiveness, scalability, and 

compatibility with different substrates. By adjusting the deposition parameters such as 

temperature, pressure, and deposition rate, precise control over the film thickness can be 

achieved. This versatility allows for the deposition of diverse materials, enabling the fabrication 

of functional films for various applications. 

In this thesis, we use a high current source to heat ceramic-coated Tungsten boats to evaporate 

materials of interest in a vacuum chamber. A quartz sensor is connected with a feedback loop 

that interfaces with a PID controller. This configuration allows us to set and maintain the 

desired deposition rate according to our specific requirements 
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Figure 2.6: (a) Thermal vapor deposition setup we used. (b) a schematic of TVD setup in 

operation. 
 

Magnetron sputtering has gained significant traction in industrial applications, particularly in 

the fields of semiconductor manufacturing, and vacuum deposition. As a highly versatile and 

continuously evolving technology, magnetron sputtering offers numerous advantages over 

other sputtering techniques. These advantages include the ability to deposit any material by 

sputtering them using a plasma.[32,33] 

In the experiments discussed in this thesis we have used DC and RF sputtering techniques to 

deposit hard-to-evaporate materials like Indium doped Tin Oxide (ITO), Si3N4, Platinum etc. 

We used the Moorfield minilab magnetron sputter coating system for this. A picture of the setup 

is given in Fig. 2.7. DC sputtering was used to sputter metals and RF sputtering was primarly 

used to sputter non-metals like ITO and Si3N4. The sputter system also uses a Quartz crystal 

for monitoring and a PID controller to controlling the deposition rate. 
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Figure 2.7: (a) Photograph of Moorfield MINILAB magnetron sputter coating system used. (b) 

a photograph of the sputtering in operation. 
 

2.3.3 Wire Bonding  

Wire bonding is a widely employed reliable packaging technology in the semiconductor and 

microelectronics industries.[34–36] It plays a crucial role in connecting integrated circuit (IC) 

chips to power sources and facilitating signal distribution among IC chips and microelectronic 

devices.  

In this thesis, wire bonding is employed as a crucial technique to establish electrical connections 

between our micro devices, which are fabricated using lithography and deposition techniques, 

to a Printed Circuit Board (PCB). These PCBs facilitate the mounting of the samples on holders 

for low temperature measurements. The use of Au-Au bonding ensures excellent contact 

between the devices and the boards. 

For our wire bonding processes, we utilize ultrasonic bonding, which harnesses ultrasonic 

energy to enable the cold-welding of metals. This technique ensures reliable and robust wire 

bonding. Notably, the bonding temperature is maintained at relatively low levels, typically 

between 60-100 °C, thanks to the utilization of ultrasonic bonding. Fig. 2.8a depicts a 

photograph of the Hybond model 626 wire bonder that was utilized in our study. Additionally, 

Fig. 2.8b, c, and d showcase photographs of the wire bonder needle, a device with bonded Au 

wires, and a micro device connected to the PCB using the Au wire bonding technique, 

respectively. Fig. 2.8e depicts the schematic of a typical wire bonding process. 
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Figure 2.8: (a) photograph of the Hybond model 626 wire bonder. (b) photograph of the wire 

bonder needle with Au wire sticking out of its tip. (c) A microdevice with the Au pads 

connected with the Au wires. (d) A photograph of a microdevice connected to a PCB. (e) A 

schematic showing the wire bonding process 

 

2.4 Summary 

The chapter focuses on the characterization techniques and device fabrication methods 

employed in the research work related to TMDs and perovskites. Various characterization 

techniques, including XPS, XRD, PL, Raman Spectroscopy, SHG, FESEM, and HRTEM, are 

discussed. The chapter also covers the fabrication techniques employed for device fabrication, 

including photolithography, TVD, sputtering, and wire bonding. Photolithography is a crucial 

technique for creating patterns and defining the device's geometry. TVD and sputtering are used 

for depositing thin films to fabricate functional devices. Wire bonding is a crucial step in 

connecting fabricated devices to external components, ensuring proper electrical connections 

and functionality. The chapter highlights the importance of these characterization techniques 

and fabrication methods in investigating the properties of TMDs and perovskites. 
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Chapter 3  

Instrumentation 

This chapter discusses some of the experimental and characterization techniques built by us, that 

are used for material characterization and device fabrication in this thesis. 

 

3.1 Introduction 

Setting up an experimental lab is an uphill battle, requiring proposal writing, fund securing, and 

equipment procurement. However, even after a sufficient budget, equipment procurement could 

put the researcher in a dilemma. As an experimental researcher, one might often have to use 

multiple instruments. It's often challenging to acquire all the necessary instruments, especially 

some seemingly small yet crucial equipment that can greatly impact experimental outcomes. 

These seemingly simple tools have the potential to enhance repeatability and streamline 

experiments.  

To overcome these limitations, and to procure most of what one needs to set up their dream lab, 

one cost-effective approach is to build the instruments yourself, expanding your collection at a 

fraction of the cost of ready-made setups. This do-it-yourself approach offers the added 

advantage of tailoring the instruments to your specific needs and the freedom to tinker and 

modify them as desired. While building instruments component by component can be time-

consuming and meticulous, it remains a more accessible and economical alternative to 

purchasing the setups directly from a company. 

However, in some cases, it is easier to purchase ready-made largely available components and 

assemble them to setup the instruments. This method allows researchers to start their 

investigations sooner, as the assembly and interfacing of components are relatively faster and 

easier. Additionally, custom-designing parts or setups becomes feasible when specific 

requirements or unavailable parts are encountered. With the availability of modern workshops 

equipped with CNC machines, this customization process has become more accessible than ever 

before. In this chapter, we delve into the instruments we have set up in our lab, aiming to 
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maximize the value of our funding and broaden our experimental capabilities. Through a 

combination of resourcefulness, DIY spirit, and strategic use of funding, we have established a 

cost-effective and efficient laboratory setup that made our research endeavours much smoother. 

 

 

3.2 Setting up Instruments from Scratch 

During our research, we set up a lot of instruments from the ground up. Although we procured 

many components, there were instances where we took matters into our own hands, machining 

certain parts ourselves. Additionally, there were occasions when we relied on the expertise of 

professionals to construct custom parts tailored to our specific requirements. In this section, we 

delve into the process of assembling instruments by integrating various components, resulting 

in the creation of functional instruments that embody our unique instrumentation concepts and 

ideas. 

 

3.2.1 Powell lens 

Powell lens is a great optical component that could fan out the laser spot into a one-dimensional 

laser line with a uniform distribution of intensity.[1] Powell lens is a much better approach than 

using a cylindrical lens that would give a Gaussian beam with intensity falling rapidly toward 

the edges.[2][3]  

In order to transform the parallel Gaussian laser beam into a laser line with consistent intensity, 

Powell introduced a lens component that consists of two surfaces, a primary, and two or more 

secondary surfaces. The primary surface is shaped like a linear conic with a short radius and a 

relatively high conic constant.[4] The conic surface can be described mathematically by the 

following two-dimensional equation: 

𝑦 =
𝑐𝑥2

1 + √1 − (1 + 𝑄)𝑐2𝑦2
 

Where 𝑐 is the radius of curvature and 𝑄 is the conic constant of the surface. By varying the 

radius of curvature and theconic constant we can control the angular divergence of the lens. 

We designed and built our Powell lens from a 1 cm diameter Quartz rod. We cut the road using 

a diamond-coated saw blade to create the basic shape as shown in Fig. 3.1a. Then the structure 
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was sanded down with waterproof sandpapers all the way from 80 grit to 3000 grit. The final 

polishing was done using cerium oxide and the resulting Powell lenses are shown in Fig. 3.1b. 

Our Powell lens was able to distribute the intensity much more evenly, as compared to a 

cylindrical lens, as can be seen in Fig. 3.1d. The slight haziness of the beam at some parts along 

the line suggests that the surface needs a bit more smoothening. But overall performance was 

still better than a cylindrical lens as the entire length of the laser has sufficient intensity for laser 

annealing in a controlled manner over a large area. This can be achieved by combining it with 

an appropriate laser. 

 

Figure 3.1: (a) Schematic illustration of the process for converting a quartz tube into a basic 

shape of Powell lens by cutting. (b) Photograph showcasing a collection of Powell lenses 

fabricated by cutting after polishing. (c) Projection of a laser spot from a diode laser onto a 

distant wall. (d) Altered laser spot resulting from the passage of laser light through the Powell 

lens. 

 

3.2.2 Plasma cleaner 

Plasma is a very effective tool for growing crystals, as well as modifying and cleaning surfaces. 

[5][6][7] Microwaves generated by a magnetron have been used to create plasma before.[5] 

Thus people have used a kitchen microwave oven to make a plasma source. [7][8] The 

fundamental process for creating a plasma with microwaves lies in the fact that, during high-

frequency gas discharge breakdown, the primary gas ionization resulting from the motion of 

electrons is the sole production mechanism that governs the breakdown.[9] The discharge 
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breakdown occurs when the gain in electron density due to the ionization of the gas becomes 

greater than or equal to the loss of electrons by diffusion, attachment to neutral molecules, and 

recombination. Adding metal strips or mesh can help in the initial generation of electrons 

through discharge.[10] Microwave radiation provides the field needed for the acceleration of 

electrons. These accelerated electrons subsequently collide with gas molecules, leading to 

ionization when they possess sufficient energy to generate additional electrons and ions, 

thereby leading to the formation of plasma. The gas pressure plays as a critical factor in this 

process. If the pressure is excessively high, the frequency of average collisions increases and 

this may hinder the electrons from attaining sufficient energy for a given power level of 

radiation. Conversely, when the pressure is too low, the lack of collisions becomes a limiting 

factor, thereby impeding the formation of the plasma state due to the insufficient availability 

of gas molecules required for the continuous generation of new electrons and ions.[11] Thus 

the Pressure of the gas and the power of the radiation play important roles in the generation of 

microwave plasma. 

In this section, we discuss the method we used to convert a microwave oven into a plasma 

cleaner. We commissioned the construction of a flat stainless steel plate with two stainless steel 

pipes, one for vacuum and one for gas flow, attached to one side of the SS plate. The microwave 

oven's bottom plate and motor were removed and a through hole was cut open for the easy 

accessibility of the gas inlet and vacuum port (see Fig. 3.2). The top surface of the SS plate is 

smooth, with no sharp edges. The gas inlet and vacuum attachments are located on the lower 

side and pass through the bottom hole of the microwave. 

To elevate the plasma cleaning platform and facilitate gas flow and pumping, we placed a metal 

mesh stand above the gas inlet and vacuum ports. This metal mesh stand also aids in generating 

plasma by facilitating electron discharge. An O-ring larger than the stand is placed in the SS 

plate while ensuring the vacuum and gas inlets are within the O-ring's confines. 

To create a sealed glass chamber, we placed a microwave-safe glass bowl with the same outer 

diameter as the O-ring on top. The rim of the bowl makes contact with the O-ring to establish 

a seal. The vacuum port is connected to a T-connect, with one end attached to a Pirani gauge 

for pressure monitoring. The other end of the T-connect is connected to a bellows sealed SS 

angle valve linked to the pump. By opening the valve, the pressure in the glass bowl decreases, 
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and the external atmospheric pressure helps seal the glass chamber tight. Once the pressure 

drops below 0.01 mbar, the desired gas is introduced into the chamber using a needle valve 

attached to the 6mm SS gas inlet tube, increasing the pressure to a range of 0.3 mbar to 0.1 

mbar. It is advisable to wait for approximately 10 minutes to ensure that the chamber is filled 

majorly with the desired gas. After closing the microwave oven, we turn on the microwave to 

create plasma within the glass chamber. The plasma can be extinguished by turning off the 

microwave supply. 

 

Figure 3.2: Schematic showing the Plasma cleaner made by modifying a microwave oven. The 

inset in the lower right-hand side provides a close-up view of the plasma generation occurring 

within the glass chamber of the microwave oven. 

 

This setup is particularly useful when precise power control is not required. If necessary, metal 

grids can be placed near the waveguide path to reduce power. However, in our case, we 

primarily used the plasma asher to clean organic materials from substrate surfaces and enhance 

substrate wettability. Thus we did not opt to add a power-reducing arrangement.  
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3.2.3 UV lamp and intensity measurement system 

In this section, we delve into the assembly and implementation of two systems: a UV curing 

setup and a handheld intensity measurement system. The UV setup comprises several 

components, including a power supply, a programmable timer relay, and a UV 365 LED with 

a 3W power output. The LED is attached to a heat sink, which is equipped with a focusing 

mirror. To ensure proper enclosure, all these components are housed within a metallic structure. 

Additionally, we employ a cylindrical flask lined with aluminium tape on its inner surface to 

effectively block the 365 nm light. The primary applications of this system involve exposing 

SU8 and other photoresists using a physical mask for lithography, as well as crosslinking 

specific polymers that respond to 365 nm wavelengths. 

To optimise the intensity of the emitted light for these processes, we developed an intensity 

measurement system utilising the OPT101 sensor from Texas Instruments. This sensor has a 

detection range spanning from 300 nm to 1100 nm. The sensor was soldered onto a printed 

circuit board (PCB) according to the connection scheme depicted in Figure 21 of the sensor's 

datasheet. A 9V rechargeable battery serves as the power source and is connected through a 

toggle switch. The toggle switch allows for three distinct states: the first state enables light 

intensity measurement by connecting the detector to a BNC connector and also connecting the 

battery to the detector. The second state disconnects both the battery and detector from the 

system's BNC port, while the third state directly connects the BNC to the battery, primarily for 

charging purposes. 

The entire intensity measurement system is housed in a compact aluminium box that features 

a quartz window mounted on a 3D-printed holder. Fig. 3.3 provides photographs of both the 

UV curing setup and the light intensity measurement setup. The approach of utilising the output 

voltage and time to determine the dosage simplifies the usage of arbitrary sources, such as 

halogen lamps used in our projection lithography set up, where the entire spectrum is being 

measured. For precise intensity measurement, we employ a Thorlabs PM 100A power meter 

with a PM120VA sensor. 
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Figure 3.3: (a) Photograph of the UV lamp. (b) the photograph of the handheld light intensity 

measurement unit 

 

3.2.4 Transient photocurrent/voltage measurement system 

Transient photocurrent/voltage measurement provides valuable insights into the dynamics of 

charge carriers generated by incident photons and their recombination processes. By measuring 

the current/voltage response as a function of time, following light excitation, transient 

photocurrent measurements are great techniques to grasp the fundamental properties and 

performance of various optoelectronic systems, including solar cells, photodetectors, 

photodiodes, and other light-sensitive devices.[12][13] The decay and rise of the photocurrent 

as a function of time give valuable information on carrier lifetimes and charge extraction 

efficiencies.  

The image of our custom-built Setup is depicted in Fig. 3.4a, with the three inset images at the 

top showing the operation of the setup using 3 distinct wavelengths. The LED holder was 

specifically designed to accommodate three different wavelengths of LEDs. In order to cover 

most of the visible range, one can choose 405 nm, 535 nm, and 660 nm. The holder features a 

one-inch through hole, surrounded by a total of nine LEDs. These LEDs are arranged in groups 
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of three for each wavelength, with an angular spacing of 120 degrees between LEDs of the 

same wavelength, as depicted in Figure 3.4b. To facilitate easy operation, the LEDs are 

connected to a BNC output connector via toggle switches. Each wavelength has its own set of 

toggle switches for independent control. The LEDs are securely connected to the holder using 

female socket wires, allowing for easy replacement when necessary. The inclination of the 

LEDs is carefully adjusted to ensure that when illuminated, they form a uniformly lit one-inch 

diameter circle at a distance of 5 cm from the holder. Furthermore, the LED holder can be 

raised or lowered using a screw arrangement, providing flexibility in positioning. 

For testing the devices, a fixed sample holder is utilized, which features phosphor bronze 

slide-in connectors. These connectors establish a reliable connection with the sample under 

test. The connections from the phosphor bronze connectors are conveniently taken out using 

BNC connectors, enabling straightforward integration with measurement equipment. The 

entire arrangement is placed in an Aluminum box with an optical quartz window at the top.

 

Figure 3.4: (a) Schematic of the setup for measuring the decay curve of a silicon solar cell. The 

top portion of the figure showcases the system with different LEDs activated. (b) Photographs 

demonstrating the illumination profiles produced by the three LEDs. The first image is the image 

of the holder with 660 nm turned on. The second and third images depict the focused light on 

the surface of a paper positioned at different distances. At a distance of approximately 5 cm, the 

light uniformly illuminates the paper, creating a circular region with a diameter of 1 inch. 
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3.2.5 Environment control box 

This section aims to present a box design for environmental testing, specifically targeting the 

evaluation of electronic devices and materials in the presence of various gases, temperature, 

254 nm light, and ozone. Such a chamber has many applications in the testing of electronic 

devices and materials.[14][15] Since elevated conditions of moisture, temperature, and/or UV 

can all accelerate the ageing of devices, the system's capabilities extend beyond material testing 

and encompass accelerated ageing tests as well.[16][17] The chamber offers a practical, cost-

effective, and efficient approach to evaluating device performance and reliability in diverse 

environmental conditions.  

The box is constructed using Aluminum material and features an O-ring positioned along the 

rim to create an airtight seal when the box is closed. Inside the box, an Aluminum block is 

placed on top of an SS Platform, which is attached to the walls of the box. The purpose of this 

floating SS platform is to minimise heat loss from the Aluminum block, which can be heated 

using two cartridge heaters embedded within it. To measure the temperature of the block, a k-

type thermocouple is used. The connections for the heater and temperature sensor are taken out 

of the box using BNC connectors. 

Adjacent to the Aluminum block, a Slide-in PCB holder is installed to ensure proper contact 

between the PCB and the block while maintaining isolation. The PCB holder accommodates 

ten connections from the PCB, and an additional four connections from an IC mount are 

available for a humidity sensor. To protect all the connections, individual Teflon protective 

tubing is utilized, ensuring their durability and resilience in harsh conditions. The ends of the 

protective tubes are secured with a generous amount of silicone sealant. 

Positioned 3cm above the Aluminum block, a 254 nm UV lamp is mounted and powered by an 

AC source connected in series with a toggle switch and a capacitor. The capacitor serves to 

minimize the overall voltage drop across the bulb while the switch controls the lamp's 

activation. Two 6 mm push-fit connectors are integrated into the box at two opposite ends, 

serving as gas inlet and outlet. The 254 nm light emitted by the lamp can generate ozone when 

exposed to oxygen. As a result, atmospheric air, oxygen mixtures, or pure oxygen can be used 

to produce ozone within the system. 

To ensure a leak-proof setup, the entire box undergoes pressurisation and is checked for any 
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potential leaks. Any detected leakages are permanently sealed using araldite adhesive. For 

clarity, a schematic of the box without the connecting wires and capacitor is depicted in Fig. 

3.5a and b, while a photograph of the box is presented in Fig. 3.5c. 

 

Figure 3.5: (a) and (b) are the schematic diagram of the box layout showing the components and 

connections (excluding wires and capacitor for better clarity). (c) Photograph of the constructed 

box showcasing the overall design and appearance 

 

3.2.6 Noise spectroscopy 

Noise spectroscopy, particularly the study of 1/f noise, provides valuable insights into the 

characteristics and behaviour of physical systems. Intrinsic electronic noise, including 1/f 

noise, arises from various sources which can be intrinsic or extrinsic to the system of interest. 

Understanding its origins and properties is crucial for minimising its impact and harnessing its 

potential applications. 1/f noise is a universal phenomenon observed in many systems, 

characterised by a frequency spectral density inversely proportional to frequency. By analyzing 

1/f noise and its relationship to charge carrier number fluctuation, mobility fluctuation, defect 

migration or similar effects, valuable information on the system such as defects, interface 

quality, material conditions, etc can be obtained. [18][19] 

In this thesis, we have tried to look into defect migration using Noise spectroscopy. The 

understanding of 1/f noise is grounded in the notion that defects within a system influence the 

initial velocity of conduction electrons following lattice collisions, leading to the generation of 

1/f noise. The migration of defects and their interaction with conduction electrons affect the 
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characteristics of 1/f noise. 

To minimize external sources of noise, we employed a 9V battery connected to a potentiometer 

as our power source. This approach effectively eliminates the influence of external electrical 

noise, which would have been challenging to mitigate if a digital source was used to bias our 

device. The device, along with a low noise current preamplifier (SR 570), was connected in 

series, as illustrated in Figure 3.6a. The output of the SR 570 was connected to the NI BNC 

21110 board via a BNC cable. Subsequently, a 192061-02 cable was employed to transfer the 

data to a data acquisition card, PCIe-6321, which was then connected to a computer. The data 

acquisition and transfer process was facilitated by LabVIEW. A schematic depicting the setup 

is provided in Figure 3.6b. 

 

Figure 3.6: (a) Schematic diagram illustrating the setup for connecting the Device Under Test 

(D.U.T) with the voltage source and the low noise current preamplifier (SR 570). (b) Schematic 

diagram showcasing the connections from the SR 570 to the computer, including the 

intermediate connectors and Digital-to-Analog Converters (DACs) employed in the signal 

acquisition process. 

 

3.2.7 Probe station 

Probe stations are effective tools for establishing temporary connections on microscopic 

devices.[20][21] They utilise sharp tungsten tips attached to a Micropositioner, enabling the 

measurement of device properties. This method serves to assess individual device functionality 

and select specific devices for further measurements by wire-bonding them onto a PCB. A 

schematic of our custom-built probe station is given in Fig 3.7a. This setup has played a vital 

role in a vast majority of the electrical measurements done in our lab. 
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The probe station in our custom-built setup also has an Aluminum block mounted on an XYZ 

stage. This block was meticulously cut and drilled with holes to accommodate the insertion of 

thermocouples, heaters, and a small 1mm hole for vacuum at the centre of the block as depicted 

in Fig 3.7b. These components were mounted on the Aluminum block using a Teflon spacer. 

The small hole at the centre of the block allows the system to be connected to a vacuum pump, 

ensuring secure sample placement. The Teflon insulating block effectively isolated the 

Aluminum block from the XYZ stage, allowing our custom build probe station to measure 

temperatures ranging from room temperature up to 200 °C. It is important to note that Teflon 

begins to degrade above 250 °C, hence the temperature limitation. To control the heater, we 

utilised a UCT 421-P PID controller powered by a 24V DC source. As for the sensor, a K-type 

thermocouple was employed. While the near-room temperature readings were not highly 

accurate as the voltage developed is minimal for the Cromel-Alumel thermocouple.[22] But 

above 40 °C, the accuracy remained within 1 °C. We verified this by using a Pt 100 sensor. 

Directly connecting a Pt 100 can improve the accuracy near room temperature. However, since 

the heating measurements were primarily conducted above 40 °C, the compact K-type 

thermocouple proved to be sufficiently adequate. 

For the Micropositioner, we utilized magnetic-based ones from Everbeing. The top plate of the 

probe station was made from a magnetic stainless steel plate, facilitating easy attachment of 

the Micropositioner. This design allowed us to effortlessly slide the manipulator to the desired 

position. The I-shaped pillars and the breadboard were constructed using non-magnetic 

stainless steel. The breadboard was specifically designed with holes for fixing M6-threaded 

stainless steel Allen screws, enabling the convenient addition of multiple components. The 

BNC output from the probe station was used to connect it to measuring systems of interest.  
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Figure 3.7: (a) Schematic representation of the custom-designed probe station featuring an XYZ 

stage, Teflon insulating block, and heater block. (b) Detailed cross-sectional view of the heater 

block, with the central hole for vacuum, a heater, and a thermocouple, secured to the XYZ stage 

using a Teflon spacer. (c) Implementation of the probe station in conjunction with a 

monochromator and xenon lamp for photocurrent measurements. 

 

For performing optoelectric measurements such as responsivity, detectivity, and photocurrent 

measurements, it is important to use different wavelengths of known intensity. A continuous 

wavelength scan is important to comment on the bandgap of the material and to figure out the 

wavelength of light to which the device shows the best response. To achieve a continuous 

wavelength scan, we used a Xenon lamp as the light source and used a monochromator, which 

selects specific wavelengths by splitting the light using a grating, coupled with a fiber optic 

cable to direct light of the desired wavelength onto the D.U.T. A schematic of this setup is 

depicted in Fig. 3.7c.  

To connect the probes to the microscopic device, we used a camera attached to a continuous 

zoom telescopic lens. An LED array around the bottom end of the telescope illuminates the 

entire device and the image is taken via the telescope and projected on the camera, which is 

connected to the computer allowing us to monitor the system in real-time. The telescopic 

arrangement  provides ample working distance between the imaging system and the stage. 
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There is provision to move the telescopic lens in the vertical direction and the device is focused 

by moving the telescope up or down. The XYZ stage on which the device is mounted is moved 

to bring the device of interest to the centre of the camera image and the probes are moved 

towards the vicinity by sliding the Micropositioner by hand. Once in the vicinity of the device 

we move the probes towards the device of interest using the Micropositioners. The device is 

then zoomed to have better visual clarity and the probes are adjusted to the pads of interest and 

probes are lowered till contact is made with the device.  The photograph of our Probe station 

with the camera and telescopic lens arrangement, without the fiber optic cable, is given in Fig. 

3.8a. The inset shows 530 nm light coming from the optical fiber cable falling on a PCB with 

a large crystal connected using the probe station in the presence of light from the LEDs on the 

telescope. Fig. 3.8b shows the close-up image of the stage with the probes connected to a device 

and the optical fiber cable and an LED which are used for optical study in the vicinity of the 

probes. Fig. 3.8 c and d depict the 700 nm and 530 nm light falling on a sample through the 

optical fiber cable. 

The LEDs attached to the probe station via a magnetic stand and controlled via an Arduino 

UNO (for on-off larger than 1 ms) or a function generator (for on-off smaller than 1 ms) are 

used to measure the transient response of D.U.Ts. A variable resistance box in series with the 

Arduino or function generator as the source is used to control the intensity of the LED. The 

intensity of the LED is measured using a Thorlabs PM 100A power meter with a PM120VA 

sensor. 
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Figure 3.8: (a) Photograph of the probe station with the telescope with a camera and LED and 

three micropositioners and LED controlled using Arduino. The inset shows an optical fiber cable 

transmitting a 530 nm light. From the monochromator. (b) A close-up photo of the stage with 

probes, LED, Optical fiber, and probes. (c) and (d) are the images of 700 nm and 530 nm falling 

on a sample from the optical fiber cable. 

 

3.2.8 Reactive ion etching 

Micro/nanofabrication in silicon has become a widely employed technique for manufacturing 

micro/nano-mechanical structures essential for various sensors and actuators. One crucial 

aspect of this process is patterning the substrate, which relies on different etching processes. 

The development of etching techniques for micromachining requires achieving high etch rates, 

precise linewidth control, uniformity, and selectivity over both the mask and underlying layers. 

However, traditional wet etchants often fail to meet these requirements for several reasons. 

Firstly, wet etching involves pure chemical reactions, resulting in anisotropic etching profiles 

unless a crystal orientation-dependent etch is used, which puts a lot of restriction on the type 

of pattern and substrate used. Secondly, the poor adhesion of the photoresist to the substrate 

can cause the etchant to seep beneath the photoresist causing undesired etching. Thirdly, the 

surface tension of the liquid makes it challenging for the wet etchant to penetrate very small 

patterns in the resist and thus leaves the substrate unaffected. Lastly, the gas bubble formed 
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during wet etching locally could hinder the etching process, leading to poor uniformity.[23] 

To address these challenges, dry etching techniques that can induce directionality in the etching 

process, such as reactive ion etching (RIE), have emerged as a viable alternative. RIE provides 

anisotropic etch profiles while offering reasonable selectivity under various conditions such as 

electrode geometry, radio frequency (RF) power, pressure, gas flow rate, and composition.[24] 

This makes techniques like RIE attractive for micro/nanofabrication. RIE differs from sputter 

etching as it involves a chemical reaction that enhances selectivity and improves the etching 

rates. In a typical RIE process, gases are introduced into the reaction chamber. RF ionises the 

gas and the ionised molecules are propelled toward the substrate surface, where they remove 

the top layer of material through a combination of mechanical and chemical reactions. 

Fig. 3.9 shows the schematic of the RIE system we designed, along with a photograph of the 

system during operation. The chamber can be seen glowing with a pinkish hue. Our design of 

the RIE had a parallel plate configuration. The chamber was constructed using stainless steel 

(SS) and included a viewport with a quartz window to ensure plasma formation during 

operation. To introduce the gas into the chamber, a 6mm SS tube was used. The gas, after 

entering the chamber, passes through a showerhead from the top. The active electrode within 

the chamber was an SS plate, although, for longer runs, we also utilized an aluminum plate as 

the cathode to aid in thermal regulation. However, the use of Aluminum as the active cathode 

can lead to contamination while etching silicon.[24] This active electrode was connected to the 

RF power supply, specifically the Cesar RF power supply from Advanced Energy, via an 

impedance matching network called Navio, also from Advanced Energy. The connection was 

established through a single-pin n-type connector. To ensure electrical insulation and thermal 

conductivity, an Aluminum Nitride spacer was used to separate the active electrode from the 

grounded main body. Aluminum Nitride was used because of its good electrical insulation and 

high thermal conductivity.[25] The chamber base contained grooves beneath the insulating 

layer to facilitate the flow of gas from the chamber to the vacuum pump, while additional 

grooves underneath aided in maintaining water flow for cooling. Two KF16 ports, one at the 

top and another at the bottom, equipped with Pirani gauges, were utilized to monitor the 

pressure inside the chamber. To achieve an airtight seal, a Viton O-ring was positioned along 

the chamber's rim. Initially, the chamber was securely closed using two screws positioned in 
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front. For lowering the pressure in the chamber, a KF25 port served as the vacuum port and 

was connected to a bellows-sealed stainless steel angle valve, which was linked to the vacuum 

pump. The gas flow to the chamber was controlled by two Alicat mass flow controllers (MFC), 

which had a resolution of 0.1 sccm. These MFCs were connected to the active gases SF6 and 

O2, which we used in a process similar to previous reports.[26][27] 

 

 

Figure 3.9 presents the schematics depicting the inner and outer design of the RIE chamber, 

denoted as (a) and (b) respectively. Additionally, (d) showcases a photograph of the RIE 

chamber during operation. 

 

The plasma chamber is designed as a capacitively coupled Plasma RIE (CCPRIE).[28]  In 

CCPRIE a self-bias voltage develops on the active electrode, due to the blocking capacitor 

(impedance matching network) in the RF power supply connection. The self-bias occurs due 

to the significant difference in mass between electrons and ions in a plasma discharge, which 

leads to electrons having more velocity than the ions. Consequently, electrodes exposed to the 

plasma encounter a difference in the arrival rate of electrons and ions. In the case of an insulated 
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electrode, the self-bias voltage is generated to balance the electron and ion currents. This self-

bias DC voltage attracts positive ions toward the active electrode, resulting in their 

bombardment of the surface. Consequently, atoms from the substrate being etched are 

sputtered, and often chemically react with the etching gas, leading to the formation of gaseous 

by-products that are subsequently pumped out of the chamber. 

The pressure in RIE is a critical factor. When the pressure is above 0.1 torr (0.133 mbar), the 

process loses its anisotropy, leading to under-etching.[29] In this case, it can be categorized as 

a regular plasma etch where directionality is reduced. On the other hand, when the pressure is 

below 1 mtorr (1.33 μbar), the material is removed from the substrate primarily through 

physical bombardment by high-energy ions. At these lower pressures, the role of chemical 

reactions becomes insignificant, and the kinetic energy of the ions becomes crucial. Therefore, 

it is highly important to maintain the pressure between 1 and 100 mtorr to ensure the process 

operates within the RIE regime.[29]  

In our RIE we optimize the reaction at 0.09 mbar with a flow of SF6 at 4 sccm and O2 at 1sccm. 

The flow rate can be improved by connecting an appropriate vacuum pump. But for our needs 

a vacuum pump that can go to 0.001 mbar was sufficient. Using a pump with a higher pump 

rate can give additional control over the flow rate. The use of Aluminum electrode did not 

contaminate the SiO2 etching which is optimized to get a 1 nm/s etch rate at 120 W power. But 

it does cause contamination in silicon substrates. 

The photograph in Fig. 9.7 a and b shows the logo of IISER Pune, a 6 mm and a 50 𝜇m logo, 

etched into the silicon substrate using our RIE. This demonstrates the scalability of the 

technique. Fig. 9.7d shows the etching done at a slightly higher pressure of 0.13 mbar. The 

pattern starts to become slightly isotropic. Fig. 9.7e shows a double step pattern created using 

the RIE at 0.09 mbar. This demonstrate that we can use multiple steps to get complex patterns 

with good anisotropy using RIE. Fig. 9.7d shows a pattern created using the RIE at 0.001 mbar 

by physical bombardment. Though the pattern was highly anisotropic the etch rate and 

selectivity was much lower compared to the regular process. These experiments demonstrate 

that the chamber pressure can be controlled to fabricate various patterns using our RIE. 
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Figure 3.10: Patterns etched using a custom-built RIE system. (a) and (b) depict photographs of 

a large and small logo of IISER Pune etched on Silicon using RIE, with the large logo measuring 

6mm in size and the small logos measuring approximately 50 µm in length. (c) showcases a 

FESEM image of an array of square patterned etchings. (d), (e), and (f) display FESEM images 

of samples etched at pressures of 0.18 mBar, 0.09 mBar, and 0.01 mBar, respectively.  

 

3.3 Chemical vapor deposition system 

Chemical vapor deposition (CVD) is a versatile technique widely employed in the synthesis of 

various two-dimensional (2D) materials, including TMDs, and is hailed as the most promising 

technique for industrial-scale production of large-area monolayers.[30] The CVD process 

involves the condensation of compounds from the gas phase onto a substrate, where reactions 

occur to produce solid deposits. It follows a nucleation and growth mechanism, where atoms 

adsorb and diffuse on the substrate surface before forming nucleation sites.[31] 

In order to achieve successful material growth using CVD, it is essential to carefully consider 

the thermodynamics and kinetics of the deposition reaction. This involves evaluating the 

concentrations (partial pressures) of the reactants at chemical equilibrium in relation to their 

initial concentrations. It is also important to take into account the most stable valence state of 

reactants that possess multiple valence states. Ensuring the thermodynamic feasibility of the 

reaction is crucial. Additionally, factors such as deposit-substrate adherence, uniformity of 

deposition thickness, and composition need to be thoroughly addressed to attain the desired film 
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properties.[31] 

In this thesis, the focus is on the growth of 2D TMD monolayers using CVD, and we will discuss 

shortly on the setup that was established for synthesizing these materials in this section. The 

CVD system utilized is an atmospheric pressure chemical vapor deposition (APCVD) system, 

incorporating a Nabertherm split zone furnace. The setup consists of a quartz tube, sealed with 

corks with 6 mm push-fit connectors for the gas inlet and outlet. Flow control was initially 

achieved using flow meters and later transitioned to more precise Alicat MFCs. To prevent 

backflow, an empty bubbler is placed in the gas flow path, followed by a silicone oil bubbler to 

minimize moisture contamination. Lastly, a CaCO3-water bubbler neutralizes acidic byproducts 

before releasing gases into the chemical hood exhaust pipe. 

 

 

Figure 3.11: Photograph of our CVD setup used for synthesizing monolayer TMDs 

 

3.4 Modification of CCR substrate holders 

Access to low-temperatures and high magnetic fields is of paramount importance for exploring 

the underlying mechanisms and physics of materials through low-temperature high magnetic 

field transport measurements. These measurements offer significant advantages in investigating 
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a wide range of phenomena, including quantum oscillations, superconductivity, Hall effect, 

carrier properties, and magneto-resistance effects.[32][33][34] By subjecting materials to such 

extreme conditions, researchers can uncover valuable insights into materials' fundamental 

properties and behavior, leading to advancements in our understanding of quantum physics and 

the development of innovative materials and technologies. 

This section focuses on the modification of the substrate holder of a commercial Sumitomo cold 

head for the purpose of conducting measurements on samples at low temperatures in the 

presence of a magnetic field. In order to achieve this, we made alterations to our 4K Closed 

Cycle Refrigerator (CCR) setup. The entire CCR was mounted on a sliding stage. The original 

sample holder at the cold head was replaced with an elongated one, allowing it to reach all the 

way down to the electromagnet. To facilitate easy sample insertion, a PCB mount was designed 

with male pins that can be inserted into the female connectors of the holder. The PCB mount 

was specifically crafted to ensure that the PCB with the sample rests securely on the cold copper 

surface of the modified sample holder. All necessary wire connections to the cold head were 

extended and joined using copper wires. A photograph illustrating the modified setup is 

provided in Figure 3.11. We also modified the outer jacket and the radiation shield to ensure 

minimal gain in temperature from the surroundings. 
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Figure 3.12: (a) photograph of the modified sample holder with the modified vacuum jacket 

near the electromagnet. (b) the photograph of the modified sample holder without the modified 

vacuum jacket and shield. (c) the close up image of a sample wire bonded on to a PCB attached 

to the modified sample holder for measurements. 

 

3.5 Combining UV Microscope with a Spectrometer 

PL microscopes that use a strong monochromatic light source and appropriate filters are great 

tools to image the photoluminescence of materials. The filter blocks the lower wavelength 

monochromatic light used to excite the material and passes the higher wavelength PL emission 

from the sample. The microscope optics project the magnified image of the material that is 

luminescing. By replacing the camera with a fiber optic cable, we can feed the PL light into a 

spectrometer. Our PL microscope was Drawell PL microscope that used a 465 nm LED as light 

source and a 505 nm long pass filter to filter out all wavelengths below 505 nm. We used the 

STS-VIS spectrometer from ocean optics to collect and analyze the spectrum from the 

microscope. The microscope iris diaphragm can be adjusted to select a very small area to do 

selective area PL analysis, which is beneficial for studying properties of individual crystals of 

interest, provided they cover an area of a few micrometers. The PL should be relatively strong 

as in the case of Perovskites or WS2 both of which can be imaged using the PL microscope 



Chapter 3.   Instrumentation 
 

57 

 

 

thanks to their high PL intensity. Alternatively, we can use AvaSpec-ULS2048CL-EVO 

spectrometer from Avantes which, although much larger, has a better range and is more 

sensitive. 

 

Figure 3.13: (a) photograph of the Drawell PL microscope used in this thesis for PL imaging. 

(b) and (c) are the PL images of CsPbBr3 and WS2 taken using the PL microscope. (d) and (e) 

are the spectrometers in our lab that we coupled with the PL microscope for spectral analysis. 

 

3.6 Summary 

To conclude, this chapter has presented a comprehensive overview of the instrumental setups 

successfully established in our lab at IISER Pune as part of my PhD. With dedicated efforts and 

expertise, I have played a pivotal role in developing and optimizing various essential instruments 

crucial to our research activities. The detailed discussion covers the successful establishment of 

several instrumental setups, including the RIE system, probe station, and modification of 

commercial setups. Through the process of designing, implementing, and optimizing these 

sophisticated instruments, we have experienced firsthand the tremendous advantages they bring 

to our research endeavors. The establishment of our lab, with its advanced instrumental 

infrastructure, has proven to be immensely beneficial. These advantages have significantly 

contributed to the progress and success of our research activities, enabling us to explore new 
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frontiers and make meaningful advancements in our field. 
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Chapter 4 

Chemical Vapor Deposition for 

Monolayer 2D Materials: Fine-

Tuning Flow  

  

This chapter is an adaptation of the research article published in “Nanotechnology 31 415706, 

2020”. 

 

4.1 Introduction 

Two-dimensional (2D) materials, particularly in their monolayer form, exhibit unique 

characteristics distinct from their bulk counterparts, making them promising candidates for new 

avenues of research, including spintronics, straintronics, twistronics, and valleytronics.[1–9] 

However, isolating a single monolayer of 2D materials remains a challenging task. The most 

popular and straightforward approach to achieving a monolayer is through the method of 

mechanical exfoliation, which was utilized in the discovery of graphene, for which the Nobel 

Prize was awarded.[10,11] This process involves splitting the crystal multiple times using a tape 

and transferring it onto a substrate. Typically, a SiO2 on Si substrate with a thickness of 280-300 

nm is used as it provides good contrast for optically identifying the monolayer film.  

Despite yielding high-quality monolayers, the exfoliation technique has a low yield, and the 

chances of obtaining a monolayer among hundreds or thousands of exfoliated layers of various 

thicknesses are unpredictable. Fig. 4.1 displays images of two exfoliated monolayers of MoS2 

on a 285 nm SiO2 on Si substrate, revealing that the exfoliation process produces monolayer 

MoS2 of varying sizes along with mostly multilayer MoS2. Typically, the entire substrate 

contains 1 or 2 monolayers, and there are instances where no monolayer is obtained through this 

approach. While acquiring a few micrometer-sized monolayer films suffices for fundamental 
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studies, it is insufficient for industrial-scale applications that aim to advance device technologies 

utilizing these materials. 

 

Figure 4.1: (a) a small monolayer MoS2 (marked with a black dotted line) surrounded by 

layers of various thicknesses (b) A large area MoS2 monolayer with little patches of the 

bilayer (a darker shade of purple) obtained via mechanical exfoliation (also marked with a 

black dotted line) surrounded by layers of various thicknesses. 

 

To obtain large crystals of monolayer materials, researchers employ bottom-up techniques, 

such as PVD, CVD, atomic layer deposition (ALD), and pulsed laser deposition (PLD), to 

directly synthesize monolayers onto desired substrates in a controlled fashion. [12–15] CVD 

has emerged as one of the most promising techniques for producing high-quality, large-area 

monolayers of TMDs.[16–28] However, the growth of TMDs using CVD depends on 

several parameters such as the type of substrates, synthesis temperature, precursor-substrate 

positioning, carrier gas flow rate, growth promoters, precursor type and amount, and timing 

of precursor introduction.[29–38] In a previous study, we investigated the influence of various 

parameters and how we optimized them to synthesize monolayer MoS2.[39]  

This chapter highlights the significant impact that flow can have on the growth of monolayer 

TMDs using CVD. By developing a method that fine-tunes precursor flow on the substrate 

surface, we have demonstrated the formation of continuous monolayers under synthesis 

conditions suited for bulk growth. By utilizing this approach, a self-limiting growth process can 

be achieved, eliminating the need for precise control of multiple CVD parameters. This is 

possible because the growth conditions required for growing bulk crystals are less stringent. To 

complement our experimental results, we carried out computational studies using COMSOL, 
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which were consistent with our observations. The study is concluded by performing a thorough 

characterization of the resulting monolayers using various techniques such as optical 

microscopy, Raman and PL spectroscopy, and FET measurements to assess the quality of the 

as-grown monolayers. 

 

4.2 Effect of flow on CVD growth of monolayer on flow 

Various techniques have been attempted by researchers to grow high-quality MoS2 films using 

CVD, including thermal vapor sulfurization, sulfur-vapor counter flow diffusion, a dual-tube 

configuration, and others.[40–46] In these methods, achieving the desired growth of monolayers 

involved precise control over the precursor amount or its accessibility to the substrate surface. 

Simulation work has been conducted to understand precursor flow in a CVD chamber by 

considering concentration gradient distribution, which aligns well with experimental results. To 

investigate the effect of subtle changes in flow on the growth of continuous MoS2 monolayer, 

we fixed all the growth parameters including the carrier gas flow through the CVD tube. We 

changed the configuration and size of the substrates to modulate the flow around the substrate 

surface, which in turn affected the growth of monolayers. 

 

4.2.1 Sensitivity of growth to subtle changes in flow 

The substrates used to grow MoS2 were 300 nm SiO2 on Si substrate. To prepare the substrates, 

we initially cleaned them by subjecting them to ultrasonication in acetone and then in IPA, each 

for a duration of 10 minutes. After cleaning, the substrates were blow-dried. To enhance the 

substrate's wettability, we performed an additional cleaning step using an oxygen plasma asher 

at 40 W power for 10 minutes. The cleaned substrates were further treated by applying a few 

drops of a 0.001 Molar NaCl solution. Subsequently, the substrates were blow-dried to remove 

any residual liquid. We used a 3.2 cm inner diameter quartz tube to grow MoS2. The alumina 

boat containing 60 mg of MoO3 precursor was kept 16 cm from the boat that contained 600 mg 

of sulphur precursor and the boat containing the substrates was kept 2 cm from the MoO3 boat. 

The MoO3 and substrate boats are always within the region where the temperature of the furnace 

is read. The temperature of the furnace was set at 700 °C and the ramp rate was set at 300 °C/hr. 
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The sulphur boat was slightly outside the furnace and was pushed into the furnace by sliding the 

tube in when the furnace temperature reached 700 °C. Nitrogen gas was used as the carrier gas. 

The Nitrogen flow was set to 150 Standard Cubic Centimeters per Minute (sccm) initially and 

the flow was set to 27 sccm after 20 min. The flow rate of 27 sccm was maintained till the 

furnace cooled down to room temperature naturally. The arrangement of substrates in CVD 

during our first study is depicted in Fig. 4.2. Configuration 1 employed 4 substrates of 1 cm ×1 

cm dimension, with the first one positioned 3 cm away from the end of the substrate boat. The 

remaining three were placed approximately 1-2 mm from the adjacent substrate, as shown in Fig 

4.2a (configuration 1). The substrates were labeled A, B, C, and D along the flow direction 

(schematically shown in Fig. 4.2a)). Optical images were captured from four different regions 

of each sample (Fig. 4.2b) to demonstrate the size and coverage of the monolayers. Our 

observations revealed that the edges had scattered small monolayers while the layer coverage 

and size were significantly more toward the center of the substrate. This seemingly periodic 

change in growth, as we move from substrate A-D, hints that there is something that disrupts the 

growth near the edges of the substrate. 
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Figure 4.2: (a) Schematic showing the arrangement for growing MoS2 on four substrates, 

sample A-D in CVD and the schematic of four regions on each substrate where the optical 

images were taken. (b) Corresponding 10x optical images from the regions of interest (scale bar 

200𝛍m). 

 

These exact conditions produced continuous monolayers with little pinholes in our previous 

study.[47] The only difference then was that we had a single substrate instead of four substrate. 
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So we hypothesized that for this peculiar distribution of monolayers during growth must be 

attributed to the flow disruption near the substrate edges, as illustrated in Fig. 4.3a. The gaps 

between the substrates could have caused disturbances in the flow, leading to scattered 

monolayer growth at the edges. The disturbances caused by this disturbance of flow near the 

edges will have a minimal effect on the central region of the substrate, resulting in larger area 

coverage of monolayers. To resolve this issue, we suggest using a continuous, single-long 

substrate instead of four separate substrates. Fig. 4.3b shows a schematic of how this change 

could mitigate flow disruptions and that should result in a more uniform monolayer growth. To 

test this hypothesis, we replaced the four substrate with a 9 cm long single substrate while 

keeping all the other parameters same as the previous growth. A schematic of the growth 

configuration used is shown in Fig. 4.3c. The substrate was kept on the second boat as shown in 

the schematic. In this case, we got a continuous monolayer throughout the substrate, with little 

discontinuity at the end facing the flow. This proved that the conditions in configuration 1 were 

good for the growth of a continuous monolayer but did not happen because of the disturbance in 

flow created by the way they were arranged. 
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Figure 4.3: (a) Speculative model of how the flow might be affected locally near the substrates 

in configuration 1. (b) The flow remains steady or uniform after replacing the 4 substrates with 

a single long one. (c) Schematic of configuration 2 used to eliminate the changes in flow. (d)The 

image of a bare SiO2/Si substrate (middle) with 2 long strips of continuous monolayer MoS2 

coated SiO2/Si substrates on its two sides (a cm unit scale is kept for reference). 

 

 The monolayer is continuous in configuration 2 because the disturbance in flow was eliminated. 

The experiment was repeated thrice and we got reproducible results. An image of two 9 cm long 

continuous MoS2 on SiO2 coated Si substrate along with a regular 300 nm SiO2 on Si substrate 

is shown in Fig. 4.3d. The 5x images from different regions of one of the 9 cm long MoS2 are 

given in Fig. 4.4a. From the images, it is clear that in the region where the gas flow encounters 
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the substrate, we got scattered triangles and as we continued to move along the direction of flow, 

starting from region 2, the layers merged together to give a continuous monolayer of MoS2 till 

the very end of the strip with very few pinholes. 

 

Figure 4.4: (a) Optical images taken at 5x magnification at different positions (as marked in the 

substrate as shown at the top of the image) of the MoS2 film grown on the long substrate (scale 

bar 400𝛍m). 

 

4.3 Modulating flow near the substrate surface 

The drastic change in the monolayer coverage with minute changes in flow demonstrates the 

extensive optimization required to achieve a monolayer.[39] The conditions suitable for bulk 

MoS2 growth on the other hand are not as stringent as the monolayer growth as the layer number 
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can be arbitrary. So we thought of a way to grow monolayer MoS2 utilizing subtle variations in 

substrate surface flow under conditions suited for bulk growth. In this context, "bulk" refers to 

a thickness sufficient to reflect the most visible part of the light, resulting in a coloration 

resembling that of bulk MoS2. This occurs at a layer thickness of 9-10 layers or more, reflecting 

over 30% of light in the 500-600 nm range.[48] Our halogen vapor lamp emits yellowish light, 

aligning with the desired peak range. Since growing bulk MoS2 requires less parameter 

optimization than monolayer growth, this method is less sensitive to intricate growth condition 

details. To obtain a monolayer in this scenario, we create a concentration gradient of precursors 

or restrict precursor accessibility to the substrate surface. Achieving this involves placing small 

silicon pieces, acting as blockades, on the substrate where MoS2 growth is desired. The size, 

shape, and arrangement of these blockades affect the precursor flow on the substrate surface. 

The result is a decrease in the flow or quantity of material reaching the substrate as we approach 

the blockades. We refer to this phenomenon as "the blockade effect." 

 

4.3.1 Blockades  

In order to test our hypothesis, we utilized a quartz tube with a 4 cm inner diameter for the 

growth of MoS2. It was crucial to creating favorable conditions for the bulk MoS2 growth, so we 

adjusted the concentration of the growth promoter and MoO3. Specifically, we increased the 

concentration of the growth promoter and used 600 mg of MoO3 precursor in an alumina boat 

placed 16 cm away from another boat containing 600 mg of sulfur precursor. The substrates, 

cleaned as previously mentioned, were positioned on top of the MoO3 boat after being treated 

with a few drops of a 0.01 Molar NaCl solution, and followed by blow-drying. The remaining 

growth conditions remained the same as in our previous experiments, with the exception of 

setting the Nitrogen flow to 50 sccm during the growth process and allowing the furnace to 

naturally cool down to room temperature. The schematic diagram of our second study can be 

observed in Fig. 4.5a, which illustrates the configuration of two substrates arranged in a cross-

like pattern (Fig. 4.5b). 

After the growth process, the substrate exhibited monolayers in proximity to the region where 

the blockade was located. Moving away from this region, the amount of bulk MoS2 increased as 

expected. The monolayer itself had a width of approximately 100 micrometers and extended 
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continuously from one end of the substrate to the other, with its length limited by the size of the 

substrate used (1 cm in this case).  

 

Figure 4.5: (a) Schematics showing the arrangement of the boats and substrate for the second 

study.(b) Shows how the substrates were kept on the MoO3 boat.(c) Schematic of the substrate 

after the growth, the violet colored region on the pink substrate is the monolayer MoS2 and the 

yellow and green colors are for bulk MoS2.(d) The optical images of the two MoS2 strips 

depicted in figure (c The left panel displays the bottom strip, while the right panel shows the top 

strip, both captured at magnifications of 5x and 50x. The scale bars in the 5x and 50x images 

correspond to 400 𝛍m and 50 𝛍m, respectively. 

 

This technique demonstrates scalability, allowing for the production of large, continuous strips 

of monolayers. The only limitations are the length of the substrate and the presence of any 

blockades, assuming that the entire growth region is suitable for the growth of bulk MoS2. In 
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Fig. 4.5b, the substrate and blockade configuration is depicted, while Fig. 4.5c provides a 

schematic representation of the substrate after MoS2 growth. Additionally, Fig. 4.5d displays 

optical images captured under 5x (top row) and 50x (bottom row) magnification. 

  

4.3.2 Calculating the Flow rate 

We estimated the velocity of N2 gas in the reaction zone by calculating the flow of gas in the 

tube and also taking the thermal expansion of the gas into consideration. The gas will expand in 

the reaction zone due to its high temperature, and the change in volume is related to temperature 

by the ideal gas equation. 

𝑉2 =
𝑇2

𝑇1
𝑉1 

Where,  𝑉1 is the initial volume,  𝑉2 is the volume of the expanded gas in the chamber,  𝑇1 is 

room temperature and  𝑇2 is the temperature of the furnace. This increase in volume will increase 

the flow by 
𝑇2

𝑇1
. The gas entering the chamber is equal to the velocity of the gas multiplied by the 

cross-sectional area of the tube. Thus we get 

𝐹𝑖 = 𝑣𝑖𝐴 

𝑣𝑖 =
𝐹𝑖

𝐴
 

Where, 𝑣𝑖 is the velocity of gas inside the tube at room temperature, 𝐴 is the cross-sectional area 

of the tube and 𝐹𝑖 is the flow rate of the gas. Accounting for the expansion of gases we end up 

with 

𝑣𝑟 =
𝑇2

𝑇1
𝑣𝑖 

𝑣𝑟 =
𝐹𝑖

𝐴
×

𝑇2

𝑇1
 

Here, 𝑣𝑟 is the velocity of carrier gas inside the furnace at  𝑇2. The room temperature was always 

298 K and the furnace temperature was 973 K. 

In the first study, we used a flow rate of 27 sccm and a diameter of 3.2 cm. Thus we get 
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𝑣1 =
27

𝛱(1.6)2
×

973

298
 𝑐𝑚/𝑚𝑖𝑛 

𝑣1 = 11 𝑐𝑚. 𝑚𝑖𝑛−1 = 0.0018 𝑚. 𝑠−1 ~ 0.002 𝑚/𝑠 

Similarly, for the second study we used a tube with a diameter of 4 cm and a flow rate of 50 

sccm we get 

𝑣2 = 13 𝑐𝑚. 𝑚𝑖𝑛−1 = 0.0022 𝑚. 𝑠−1 ~ 0.002 𝑚/𝑠 

The flow was kept nearly same for both tubes. This flow is however an underestimation as the 

real system would have evaporated sulphur and MoO3. The flow of these two precursors is what 

determines the growth of monolayer. But for simplicity we assume that their flow rate is same 

as that of carrier gas. Using the simulation, we are trying to show that the blockade gradually 

reduces the flow rate in its vicinity. 

 

4.3.3 Computing flow using COMSOL 

We used COMSOL to simulate the flow. In COMSOL we manually adjusted the meshing to 

increase the resolution of the simulation. The physics interface solves the Navier-Stokes 

equations, for incompressible and Newtonian gas without the time-dependent part, which is 

given by 

𝜌(𝑢. ∇)𝑢 = ∇. [−𝑝𝐼 + µ(∇𝑢 + (∇𝑢)𝑇)] + 𝐹 

 

𝜌∇. 𝑢 = 0 

 

Also,     𝑆 =
1

2
(∇𝑢 + (∇𝑢)𝑇) 

  

Where, 𝜌 is the density (kg/m3), 𝑢 is the velocity vector (m/s), 𝑝 is pressure (Pa), 𝐹 is the volume 

force vector (N/m3), 𝑇 is the absolute temperature (K), µ is the dynamic viscosity of the gas and 

𝑆 is the strain-rate tensor. 
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For the boundary condition, the default boundary treatment is the automatic wall treatment and 

we did not alter it. The automatic wall treatment assumes that there is a small gap, δw=
ℎ𝑤

2
, 

between the computational domain and the physical wall. Here, ℎ𝑤 is the height of the mesh cell 

adjacent to the wall and here the velocity 𝑢 is taken as zero for the no-slip condition used in the 

simulation. 

We made 3-D models of the substrate with the blockades as shown in Fig 4.6a and b which were 

used to simulate the flow. The meshing was adjusted manually to minimize computation time, 

keeping sufficient resolution, depending on the model. As the actual reaction includes more 

complex interaction, we only consider the decrease in flow and hence the decrease in the 

precursor vapor concentration locally near the substrate surface. 

The exact solution is dependent on the dynamic viscosity and the density of the gas. The problem 

lies with the fact that sulphur vapor at temperatures of between 200 and 1000 °C consists of 

molecules with 2–10 atoms, some of which exist as two or more isomers.[49] This coupled with 

the fact that we can only give a very rough estimate of the amount of sulphur and MoO3 vapors 

with not much idea of the exact viscosity or density of the gas mixture makes an exact simulation 

of flow very difficult. But the blockade effect will show a similar trend no matter what the gas 

used is.  

The simulation provides a clear depiction of how the presence of a blockade on top of the 

substrate affects the flow dynamics. The expansion of gas as it enters the furnace was considered 

during the calculation of the flow rate. The simulated figures in Fig. 4.6a (for a single blockade) 

and 4.6b (for multiple blockades) illustrate the flow patterns and 3D representations of the 

objects for which the flow was simulated. 

The simulation reveals that the flow is constrained in the vicinity of the blockade. As we move 

away from the blockade, the flow gradually returns to its normal value. This observation aligns 

well with the experimental findings presented in Fig. 4.5, where the region closest to the 

blockade exhibited monolayers, while the layers became thicker as we moved farther away. The 

precise gradient or extent to which the flow is affected depends on the properties of the gas 

mixture, but it is expected to follow a similar trend.  
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Figure 4.6: The schematic displays the 3D models used for simulation, presented at an angled 

view to emphasize their structural aspects. The left panel illustrates the 3D models used, while 

the right panel demonstrates the simulated flow patterns surrounding the blockades. The color 

bar indicates the velocity of the flow in m/s. Figure (a) illustrates the impact on flow dynamics 

with a single blockade, while Figure (b) showcases the simulated flow behavior in the presence 

of multiple blockades with varying spacing between them. 

We tried to use different gases for simulation, like Helium, water vapor, Nitrogen, carbon 

dioxide and SiF4, the properties of these gases are inbuilt to COMSOL and thus are easy to use, 

to simulate the flow. All gases showed the blockade effect. Out of these gases, the effect was 

more pronounced in SiF4. We have used SiF4 for our simulation. There is a rationale behind 

using this gas; SiF4 has a molar mass of 104 u, which might be closer to the average density of 

the gas mixture. This is because the concentration of S4 is maximum at 900 K and the molar 

mass is 128 u, that of MoO3 is 143 u and Nitrogen gas is 28 u.[49] We vaporize 600 g of sulphur 

during growth, which means that the amount of sulphur vapor is much more than the others. A 
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comparison of simulations with different gases is shown in Fig. 4.7; inbuilt extremely fine 

meshing was used for this. It is clear that the flow of all gases decreases in a similar fashion. In 

SiF4, the flow decreases less drastically and we can easily see the large variation in the region 

of interest. 

  

Figure 4.7: Simulation results using different gases from the lightest to the heaviest. 

 

4.3.4 Fine tuning the flow using blockades 

As the idea of blockade effect revolves around limiting the gas flow to self-optimize the 

conditions required for growing monolayer near the blockade, it is thus possible to use multiple 

blockade to limit flow to favor monolayer growth. From Fig. 4.6b it is clear that if two blockades 

are kept side by side, the flow is altered differently and is dependent on the distance between the 

adjacent blockades, given that their height and length remain the same. At the optimum 

separation between them, we can get a strip of clean monolayer of MoS2. If the gap is too big, 

then bulk growth starts between the layers. If it is too short, then the continuous monolayers 

might form at the entrance and as we move in the direction of flow, scattered monolayers are 

observed. To show further how subtle change in flow on the substrate surface can affect the 

growth of monolayer, we kept the blockades of different shapes at various configurations and 

compared our experimental findings with simulated results. Fig. 4.8a shows the 3D model of 

blockades on SiO2 that were kept for the growth. Simulated images in Fig. 4.8b correspond to 

the arrangements depicted in Fig. 4.8a. Additionally, Fig. 4.8c and d display optical images of 

the substrate after growth for four distinct blockade configurations at magnifications of 5x and 

50x, respectively. The images demonstrate a strong correlation between the simulated and 

experimental outcomes. 
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Figure 4.8: (a) Model of blockades on the substrate surface used for simulation using COMSOL. 

(b) Results of the simulation for the respective models. (c) Corresponding experimental results 

of the MoS2 growth (scale bar 400𝛍m) show an excellent match between the experiment and 

simulation. Magnified images of regions marked in red circles are shown in (d). The scale bar is 

50 𝛍m. 

In Fig. 8b (b2), the second blockade configuration illustrates how the precursor flow decreases 

when entering the blockade, forming an angled path. As the flow reaches the corner within the 

blockade, it diminishes, resulting in a significant reduction in the number of MoS2 layers in the 

corner region. Eventually, a continuous monolayer region of MoS2 is obtained, with a few 

scattered MoS2 flakes observed between the corner and the monolayer region. The experimental 

findings in Fig. 8b (b3) for the third blockade configuration are particularly intriguing, as they 

suggest the possibility of achieving patterned growth of MoS2 monolayers using the blockade 
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effect. By precisely adjusting the distance and geometric shapes of the blockades, desired 

patterned MoS2 monolayers can be grown. In terms of area coverage, the fourth blockade 

configuration (Fig. 8b (b4)) yields a larger monolayer coverage. However, upon closer 

examination of the images, numerous thin cracks are visible in the film, indicating that it is not 

electrically continuous. These results clearly demonstrate that blockades offer a self-limiting 

control over the growth of monolayers in their proximity.  

 

4.4 Characterization of MoS2 films 

It is of paramount importance to thoroughly assess whether the scalable synthesis techniques 

preserve the desirable properties of the materials or if the resulting products exhibit diminished 

quality. In the case of MoS2, which possesses intriguing optical and electrical properties, we had 

to verify the optical and electrical quality of the samples. To ascertain the electrical quality of 

the synthesized monolayers, active field-effect transistor (FET) devices were fabricated and 

examined. Additionally, PL and Raman spectroscopy techniques were employed not only to 

serve as indicators of sample quality but also to confirm the monolayer nature of the films. By 

comprehensively assessing the optical and electrical characteristics, valuable insights can be 

gained regarding the suitability and viability of the fabrication technique for large-scale 

production. 

 

4.4.1 Optical Characteristics 

The optical properties of the samples were characterized through Raman spectroscopy and PL 

measurements at room temperature, utilizing a 532nm laser. Raman spectroscopy serves as a 

reliable method for determining the number of layers in layered materials. The difference in 

Raman shift between the in-plane vibrational mode (E1
2g) and the out-of-plane vibrational mode 

(A1g), provides insight into the layer number of MoS2, particularly up to four layers.[50] In 

accordance with Fig. 4.9a, a Raman shift of 19 cm-1 was observed, consistent with the value 

expected for a monolayer of MoS2. [51] 
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Figure 4.9: (a) Raman and (b) PL spectra demonstrating the monolayer characteristic of as-

grown MoS2. A PL spectrum from a bilayer is provided for reference, presented on the same 

scale. The monolayer exhibits a remarkably strong photoluminescence intensity owing to its 

direct band gap. 

 

The photoluminescence spectra, as illustrated in Fig. 4.9b, exhibited two prominent peaks at 674 

nm (1.84 eV) and 626 nm (1.98 eV), corresponding to the two direct excitonic transitions at the 

Brillouin zone K point, denoted as A and B excitons.[52] The full width at half maximum 

(FWHM) of the A excitonic peak, when fitted with a Lorentzian function, was determined to be 

53 meV. This value closely resembles that of a freely suspended monolayer of exfoliated MoS2, 

but additional analysis is required to further comment on the quality of monolayer in detail.[53]  

Another indicator of the optical sample quality is the very low ratio of the B- and A-exciton 

intensities as it reflects the density of non-radiative defects.[54] Our samples had a very low B/A 

exciton ratio which indicated a lack of defects that could cause non-radiative decays. However, 

these approaches are not dependable means of assessing the defect density of the sample, as the 

defects responsible for p-doping the sample play a role in suppressing non-radiative trionic 

decay in n-type MoS2, thereby enhancing the PL intensity.[55] Kim et al studied the role of 

defects generated through processes like vacuum annealing or chemical doping, including the 

use of substances like AuCl3, which caused a reduction in valley polarization.[55] This decline 

in valley polarization was primarily attributed to the presence of defects or impurities, leading 

to the alteration of the valley-contrasting optical selection rule. This finding underscores the 
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potential for conducting detailed investigations into these defects, thereby providing a more 

comprehensive and accurate understanding of defects. [55][56]  

As the presence of P-type defects/impurities could explain the narrow FWHM and the low B/A 

exciton ratio it is important to explore the presence of these defects/impurities to comment on 

sample quality. Though we were unable to carry out valley polarization studies, exploring the 

electrical mobility of monolayers could confirm the presence of these defects/impurities. The 

charged defects or impurities responsible for p-doping in the n-type monolayer are expected to 

increase scattering, causing the mobility of the monolayer to decrease drastically. 

 

4.4.2 Transfer Characteristics 

The electrical properties of the monolayer MoS2 were investigated through the fabrication 

of devices using photolithography. The SiO2 on the Si substrate on which the monolayers 

were grown was used without further treatments.  The devices were made using standard 

photolithography using S1813 photoresist and MF319 developer. This was followed by 

thermal vapor deposition of 5 nm chromium and 65 nm of gold. The liftoff was done in 

acetone and was washed in IPA and blow-dried before the measurements.  

Fig. 4.10a presents an optical microscope image of a representative device. All electrical 

characterizations were conducted under ambient conditions in an open environment using 

our homebuilt probe station. Fig. 4.10b displays the I-V characteristics of the MoS2 device 

in both dark and under illumination using a white LED. The consistent linear response of 

the device in both dark and light conditions indicates that the contact exhibits Ohmic 

behavior. 

To evaluate the performance of the devices as field-effect transistors (FETs), a source-drain 

voltage (Vsd) was applied across a 4 μm channel, which was defined by etching the 

monolayer. The back gate insulator consisted of a 300 nm SiO2 layer. Fig. 4.10b depicts the 

characteristics of a typical n-type channel FET device, demonstrating the relationship 

between gate voltage (Vg) and source-drain current (Isd). [57] The gate scan of the FET from 

-50V to +50V demonstrated an Ion/Ioff ratio exceeding 104 for the fabricated devices.  The field-

effect mobility was determined by analyzing the Isd-Vg curve, utilizing the following formula: 
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[57] 

𝜇 =  
𝑑𝐼𝑠𝑑

𝑑𝑉𝑔

𝐿

𝑊𝐶𝑔𝑉𝑠𝑑
 

where, 𝐿 is the channel length, 𝑊 is the channel width, 𝐶𝑔 is the gate capacitance per unit area 

𝐶𝑔 =
𝜀0𝜀𝑟

𝑑
 

where, ε0 = 8.854×10−12 Fm−1, εr for SiO2 is 3.9, and 𝑑is the thickness of SiO2, here it is 300 nm. 

The device exhibited a carrier mobility of 0.85 cm2/ Vs. 

Figure 4.10: (a) Representative device captured in an optical microscope image. (b) The I-

V plot of the device under dark and when illuminated using a white LED. (c) Transient 

photoresponse of the monolayer MoS2 device. (d) Plot illustrating the relationship between 

source-drain current (Isd) and gate voltage (Vg), indicating n-type behavior. 
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The values of mobility obtained were comparable to the values obtained in our previous 

study.[39] This implied that the approach of growing monolayers by modulating the flow does 

not affect the quality of the monolayers synthesized and is similar to the ones grown without the 

use of blockades. 

 

4.5 Summary 

In this chapter, we focused on the sensitivity of CVD growth of monolayer TMDs to subtle 

variations in flow dynamics. NaCl was used as a growth promoter at a temperature of 700 °C 

for this study. Through our experiments, we demonstrated that the flow can be selectively 

restricted by implementing obstacles referred to as "blockades." By employing these blockades, 

we successfully modulated the flow, thereby facilitating the growth of monolayers under 

conditions that are suitable for bulk growth. Further investigations revealed that the electric and 

optoelectronic properties of the synthesized monolayers were comparable to those synthesized 

without the use of blockades. The Field effect mobility of the as-synthesized monolayers is 

comparable to the ones grown without the blockade, but they were lacking when compared to 

exfoliated layers. The lower electrical quality of the monolayer is attributed to the growth 

promoter rather than inherent issues with the techniques employed. Overall, our findings 

highlight the significance of flow modulation using blockades in CVD growth, showcasing the 

potential to achieve monolayer growth under conditions that are suited for bulk growth, while 

maintaining comparable electrical and optical properties. Further exploration of growth 

promoters or synthesis conditions is needed to address the limitations in the quality of 

monolayers. 
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Chapter 5 

Sodium silicate as growth promoter 

for TMD growth 

 

5.1 Introduction 

Growth promoters play a crucial role in enhancing the growth of monolayer TMDs in CVD by 

increasing the tolerance to variations in growth parameters. They enable the synthesis of 

monolayers over a significantly wider range of parameters, ensuring improved control and 

reproducibility in the growth process.[1,2] Various growth promoters containing alkali metals 

or aromatic organic molecules are widely used for growing monolayer TMDs as they help in 

seeding and growth.[1,3,4] Alkali metal compounds are the most commonly available and easy 

to use among them. It is reported that TMD monolayers of high quality can be grown at a fast 

rate by using alkali ions in glass.[5–7] Despite the significant improvement in the growth of 

monolayer TMDs achieved by commonly available growth promoters like NaCl, they remain 

highly sensitive to variations in growth parameters.[8] Furthermore, the unavailability of 

aromatic compounds, known for their superior coverage capabilities, poses an additional 

constraint. Substrates such as alkali metal-containing glass exhibit limited versatility, as they 

can only support the growth of monolayers on themselves and necessitate transfer techniques to 

achieve monolayers on substrates of interest. 

To enable the widespread and large-scale implementation of monolayer TMDs, there is a need 

for an effective growth promoter that can reliably grow high-quality monolayers over large 

areas, while remaining resilient to subtle fluctuations in growth conditions and readily available. 

The development of such a growth promoter, which excels in terms of availability, ease of use, 

and effectiveness, is crucial for the advancement of monolayer TMD-based technologies. In this 

chapter, we present a readily available, easy-to-use, and effective growth promoter, sodium 
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silicate, commonly known as water glass (WG), for the growth of high-quality TMD 

monolayers. Our approach enables the conformal coating of monolayer TMDs onto 

nanotextured substrates, overcoming previous limitations. The WG growth promoter offers a 

broad range of applicability, exhibiting excellent performance across various CVD parameters, 

including temperature, precursor quantity, carrier gas flow, and substrate characteristics. 

Moreover, it requires minimal fine-tuning to achieve high-quality monolayers over large areas 

for different TMDs. 

 

5.2 Sodium silicate as a growth promoter 

While looking for an effective growth promoter we came across works on TMD monolayers 

synthesized on alkali ions containing glass.[5–7] We realized that the effectiveness of alkali ion-

containing glass substrate for growing TMDs could be related to the fact that the bonds of the 

Na with O break as temperature increases, and the Na+ ions are generated, which are highly 

mobile.[9] This mechanism of bond breaking in alkali metal-containing glass and has been 

exploited for anodic bonding[10,11] of glass and was also used to exfoliate monolayers of 

various 2D materials[12]. Thus we hypothesized that these highly mobile Na+ ions will react 

more readily with MoO3 than NaCl and form an intermediate of Na2Mo2O7.[13]  

With this realization, it became apparent that the efficient growth of TMDs could be achieved 

by applying a thin layer of heavily alkali metal-ion-doped glass. The presence of a glass matrix 

allows for a controlled and gradual supply of Na+ ions, with only the surface ions readily 

reacting with MoO3 to form Na2Mo2O7 Thus improving our control over the growth. In order to 

achieve coating a thin layer of alkali metal doped glass we decided to use sodium silicate 

solution. Sodium silicate is a chemical compound composed of sodium oxide (Na2O) and silica 

(SiO2). It is typically available in liquid or solid form and is highly soluble in water. WG is 

commonly used in various industrial applications, and thus is easily available and very 

affordable. By diluting WG in water, it becomes feasible to apply an extremely thin layer of 

WG onto any desired substrate using spin coating techniques. 

To appraise the effectiveness of WG in growing TMDs, the growth using WG was compared to 

the ones using NaCl under similar conditions. For this NaCl (0.001 Molar) coated substrates 

were placed alternatively between WG (0.5%) coated substrates.[14] A schematic of the 
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arrangement used for the comparison of MoS2 growth on WG-coated and NaCl-coated 

substrates is depicted in Fig. 5.1a. This arrangement ensured that the growth conditions and 

amount of vapor reaching the substrates are comparable. The CVD growth was carried out in a 

quartz tube of 3.5 cm diameter, in a single zone furnace. There is a separate heater just outside 

the furnace attached to the tube to heat the sulphur separately. Argon gas is used as a carrier gas. 

The alumina boat containing the sulphur is placed just outside the furnace where we have 

attached a separate heater and the boat containing the 10 mg of MoO3 precursor is kept 15 cm 

away, downstream, from the boat containing the sulphur as shown. The substrates were kept 

facing up on a separate boat 2 cm from the boat containing the MoO3 precursor. Initially, the 

tubes were flushed with Argon gas at 500 sccm for 5 min, and then the flow was brought down 

to 30 sccm and maintained at a constant value throughout the reaction. The furnace was ramped 

up at a rate of 5 °C/min till the reaction temperature of 700 °C is attained and maintained for 5 

min to. The heater for sulphur was set at 200 °C and was turned on 5 min before the target 

temperature is attained and turned off after the reaction. The entire set-up is allowed to cool 

down naturally and the samples are taken out after it cools down to room temperature. Very 

good coverage of monolayer MoS2 was achieved on WG-coated substrates and little to no 

growth was observed on the NaCl-coated substrate (Fig. 5.1a and 5.1b). By increasing the MoO3 

precursor to 30 mg and the reaction time to 20 min we were able to grow continuous monolayers 

over a one-inch quartz slide. The photograph of the quartz slide with the continuous monolayer 

is kept along with an uncoated quartz slide is given in Fig. 5.1d. This demonstrated the superior 

performance of WG over NaCl in its efficacy to grow TMDs. 
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Figure 5.1: Improving the growth of monolayer TMDs using sodium silicate (WG).  (a) 

schematic of the arrangement used to compare the effectiveness of WG and NaCl. The 

substrates coated with WG exhibited excellent growth whereas, the one coated with NaCl 

showcased poor growth under similar growth conditions. (b) and (c) are the optical 

microscope image of MoS2 synthesized using WG and NaCl respectively, as depicted in 

(a). (d) the images of a transparent fused quartz substrate, in which a continuous MoS2 

monolayer is grown, (right) and an uncoated fused quartz substrate (left) were kept close 

for comparison. 
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5.3 Reaction mechanism 

To gain further insights into the growth mechanism of MoS2 with the help of WG, we need to 

have a better understanding of the reaction. For this, we choose to analyze the mixtures using 

thermo gravimetric analysis (TGA), a technique that tracks the weight change of a sample as it 

is heated at a constant rate. we dried WG at 400 °C for half an hour and ground it into a fine 

powder, and heated it again at 400 °C for another half an hour. It is crucial to heat WG at 400 °C 

to remove the water content completely as any leftover water could result in a slight mass 

loss.[15]  122 mg of this WG powder was mixed with 288 mg of MoO3 in a mortar and 10 mg 

of the mix was used for TGA and the rest was annealed in the furnace at 27 sccm N2 flow at 

700 °C for half an hour for analyzing the XRD of the reacted mixture. The TGA of the WG 

mixture was compared to that of a mixture of 11.7 mg of NaCl mixed with 43.2 mg of MoO3. 

10 mg of which was used for TGA. The TGA shown in Fig. 5.2a clearly shows that the WG 

reacts with MoO3 at a much lower temperature and the reaction is slow. The increase around 

800 °C is because MoO3 loses its weight significantly around this temperature. The TGA 

analysis of the WG mixture revealed a gradual decrease in mass even at temperatures as low as 

100 °C, whereas the mass of the NaCl mixture remained constant until 380 °C. It can be inferred 

from the TGA results that the formation of Na2Mo2O7 in the reaction mixture of WG+MoO3 

occurs at significantly lower temperatures when compared to the NaCl+MoO3 mixture. These 

results support the hypothesis that WG powder would easily react with MoO3 to form 

Na2Mo2O7. The mass loss increased significantly beyond 750 °C for the WG+MoO3 mixture. 

The low mass loss at lower temperatures might be because Na+ ions are within the glass matrix 

and thus only the Na+ ions at the surface react to form Na2Mo2O7 which sublimes slowly. The 

XRD of the product is plotted in Fig. 5.2b and is that of Na2Mo2O7 with some peaks from 

intermediate and unreacted compounds. 
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Figure 5.2: (a) TGA of the two mixtures from room temperature to 1000 °C. (b) XRD of 

the mixture after annealing at 700 °C. The XRD shows peaks of Na2Mo2O7 along with 

peaks of by-products (indicated by a star mark). 

 

The intermediate compounds formed during the reaction were also analyzed using XPS, and 

Energy Dispersive X-ray spectroscopy (EDAX) Fig. 5.3. The intermediate was synthesized by 

repeating the synthesis process in the absence of sulfur. Initially, we spin-coated three SiO2/Si 

substrates with 0.5% of WG in water. We heated one of the substrates inside the furnace, using 

a fresh tube to avoid contamination, by keeping the N2 gas flow at 30 sccm at 700 °C. No visible 

changes were observed on the substrate. The other two substrates were heated under the same 

condition but in the presence of MoO3 kept in a separate boat upstream of flow, 2 cm away from 

the substrate. Some small spheres were formed on the substrates as intermediate. One of these 

substrates was sulfurized at 700 °C for 10 min and the spheres acted as a nucleation point for 

the growth of MoS2. 

XPS was used to examine the bonding states in the intermediate and the MoS2. The XPS data 

with optical images of the corresponding sample in the inset of the corresponding graphs are 

shown in Fig. 5.3 a, b and c. The XPS of MoS2 showed Mo4+ 3d5/2 and 3d3/2 doublet peaks at 

∼230 and ∼232.78 eV respectively.[16] The sulfur peaks for S 2p3/2 and 2p1/2 were 162.48 and 

163.68 eV, respectively and the peak emerged at 226.78 eV from 2s of sulfur (Fig. 5.3c.[17] 

The peaks of Mo4+ and sulfur are in agreement with the reported values of MoS2. [17] The XPS 
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of the intermediate showed peaks at 233.26 and ∼236.18 eV corresponding to the Mo6+ 3d5/2 

and 3d3/2 doublets of  MoOx.[18]  

 

Figure 5.3: (a) The XPS spectra of the Mo 3d region of the intermediate. (b), and (c) are the 

XPS spectra of Mo 3d and S of the MoS2 formed after annealing the intermediate in 

presence of sulfur gas. The inset shows the optical images of the respective samples in (a), 

(b), and (c). The scale bars in (a) is 10 µm and (b) and (c) are both 20 µm. (d) EDAX spectra 

confirming the ratio of Na: Mo to be 1:1. (e) FESEM image of the intermediate sodium 

molybdenum compound formed. (f) FESEM image of the area containing an intermediate 

that is chosen for elemental mapping. (g), and (h) is the EDS elemental maps showing Na 

(white) and Mo (green) of the sample shown in the SEM image in (f). 

 

The XPS analysis revealed that Molybdenum is in the Mo6+ oxidation state in the intermediate 

compound and EDAX of the intermediate showed a Mo: Na ratio of 1:1. These results indicate 
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that the intermediate compound formed is Na2Mo2O7.[13] We believe that a small amount of 

MoO3 sublimated at 700 °C and it reacted with Na ions in the WG to form Na2Mo2O7 which 

were the small spheres that were formed as the intermediate for the growth of MoS2. The spheres 

were formed because of the aggregation of Na2Mo2O7 as the reaction proceeded. This happened 

due to the low melting point of the eutectic intermediate. The EDS elemental mapping shows 

the uniform distribution of Na and the relatively high concentration of Mo in the region where 

Na2Mo2O7 is present (Fig. 5.3 g and h). All the results point to the formation of Na2Mo2O7 as 

the intermediate which is the same as that formed with NaCl.[13] 

 

5.4 Computing the reaction energy 

From the experiments it is evident the intermediate product, i.e., Na2Mo2O7 is the same for both 

WG and NaCl, we hypothesize that the differences observed in the production of MoS2 for the 

two cases are primarily due to the differences in the efficiency with which Na2Mo2O7 is 

produced. To understand this, our collaborator, Dr. Prasenjit Ghosh, have computed the reaction 

energies for the two reactions. Since WG exists in several forms, here we have studied the two 

most commonly occurring forms, sodium metasilicate (Na2SiO3) and sodium orthosilicate 

(Na4SiO4). We considered the following reactions for the formation of the intermediate 

Na2Mo2O7: 

(a) from NaCl: 2 NaCl + 3 MoO3 = Na2Mo2O7 + MoO2Cl2 

(b) from Na2SiO3: Na2SiO3 + 2 MoO3 = Na2Mo2O7 + SiO2 

(c) from Na4SiO4: Na4SiO4 + 4 MoO3 = 2 Na2Mo2O7 + SiO2 

While reaction (a) has been proposed by S. Li et al,[13] reactions (b) and (c) have been proposed 

by us based on the experimental evidence that, similar to NaCl, with WG, Na2Mo2O7 is the 

reaction intermediate. The structures considered for the reactants and products are shown in 

supplementary (Fig. 5.4). The reaction energy (Erxn ) is computed as the difference in total 

energies of products and reactants and provides the thermodynamic driving force for the reaction 

to happen. More negative is the value of Erxn, larger is the driving force. Our calculations show 
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that while for reaction (a) Erxn = 0.49 eV, for (b) and (c) Erxn is -1.48 eV and -4.04 eV. This 

shows that the reaction of WG with MoO3 is highly exothermic while that between NaCl and 

MoO3 is endothermic. Typically, exothermic reactions have lower barriers than endothermic 

reactions.[19] Based on these calculations, we anticipate that the enormously large 

thermodynamic driving force is responsible for the reaction to proceed with reasonable ease in 

(b) and (c) compared to (a). Such a large exothermicity observed can be due to the formation of 

a stable product (SiO2) in (b) and (c). Fig. 5.4 shows the structures of the reactants (top row) 

and products (bottom row) that were considered for the calculation of reaction energies. 

 

Figure 5.4: Structures of the reactants (top row) and products (bottom row) were considered for 

the calculation of reaction energies. 

 

The k-grids used for the different systems are given in Table 1 below. The starting configurations 

were taken from the Materials Project website. 
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Table 5.1: k-grid used for different systems 

System k-grid 

NaCl 6×6×6 (shifted) 

Na2SiO3 5×5×7 (unshifted) 

Na4SiO4 7×7×5 (unshifted) 

MoO3 7×7×5 (unshifted) 

MoO2Cl2 8×4×4 (shifted) 

Na2Mo2O7 7×7×5 (unshifted) 

SiO2 6×6×6 (shifted)  

 

 

Table 5.2: Computed lattice parameters of the reactants and products. 

System Computed lattice parameters (lengths are in Å and angles are in °) 

NaCl 5.69 (fcc) 

Na2SiO3 a=b=6.15, c=4.88 (hex) 

Na4SiO4 a=5.64 b=5.65 c=8.53 

α=98.95, β=81.05, γ=112.40 

MoO3 a=7.38, b=7.74, c=10.83 

α =90, β =132.95, γ =90 

MoO2Cl2 a=3.94, b=7.76, c=8.15, orthorhombic 

Na2Mo2O7 a=b=7.006, c=14.992, γ =117.931, α = β = 90 

SiO2 a=b=c=5.16, α=β=γ=60  

 

5.5 Properties of the synthesized monolayers 

5.5.1 Field effect mobility and optical characterization  

To study the quality of the as-synthesized monolayers, they were grown on flat SiO2/Si 

substrates for comparison with the literature. The electrical transport properties of TMDs were 

investigated by fabricating devices on monolayer MoS2 synthesized using WG. The field-effect 

mobility of the devices was calculated from the linear region of the transfer curve using the 
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equation[20] 

𝜇 =  
𝑑𝐼𝑑𝑠

𝑑𝑉𝑏𝑔

𝐿

𝑊𝐶𝑔𝑉𝑑𝑠
 

where, 𝐿 is the channel length, 𝑊 is the channel width, 𝐶𝑔 is the gate capacitance per unit area  

𝐶𝑔 =
𝜀0𝜀𝑟

𝑑
 ,  ε0 = 8.854×10−12 Fm−1, εr  for SiO2 is 3.9, and d is the thickness of SiO2, here it is 

300 nm. 

Representative data from one of the devices is shown in Fig. 5.5a. The devices exhibited 

mobility 15 to 35 cm2 V-1s-1 with an Ion/ Ioff ratio of 105 to 106. For comparison, devices were 

also fabricated on MoS2 synthesized with NaCl (salt).  The performance of the samples 

synthesized using WG was superior to that of the ones grown using NaCl. Typical mobility 

values of devices with salt were in the range of 0.1 to 1 cm2 V-1s-1, which is more than one order 

magnitude less as compared to the WG devices.  The mobility statistics of devices with NaCl 

and WG are shown in Fig. 5.5 (b and c) respectively for comparison. Mobility values of our WG 

samples are comparable to or higher than the reported values of exfoliated MoS2 and the best-

reported CVD-grown monolayer MoS2.[21][22] The high quality of the samples synthesized 

using WG is evident from the electrical transport measurements.  

Our collaborators in France analyzed the optical properties of the sample. The PL spectrum of 

MoS2 synthesized at 800 °C is given in Fig. 5.5 d. The spectrum is mainly composed of an A 

exciton peak at 1.83 eV (678 nm) with an FWHM of 0.05 eV. There was no significant 

contribution to the signal from the B exciton, which indicates a very low B/A exciton ratio is 

indicative of good sample quality.[23][24] 
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Figure 5.5: Electrical and optical properties of MoS2 monolayers.  (a) Source-drain current 

versus back gate voltage sweep of a field-effect transistor (FET) fabricated out of MoS2 

synthesized using WG on a plain 300 nm SiO2 on Si substrate to eliminate the effects of strain. 

(b) and (c) are the mobility statistics of devices fabricated on monolayer MoS2 synthesized with 

NaCl and WG respectively. (d) PL spectra of MoS2 monolayer synthesized using WG at 800 

°C. (e) PL mapping over a large area shows the uniformity of the sample PL (in log scale) over 

a large area for individual flakes synthesized using WG. (f) The statistics of the PL spectra from 

the mapped region. 

 

5.5.2 HRTEM of MoS2  

The crystalline nature of the MoS2 and its lattice structure was verified using HRTEM. The 

MoS2 was transferred onto the carbon-coated TEM grid using a wet transfer technique.[25] A 

10 % polystyrene solution in toluene (by weight) was spin-coated onto the substrate with MoS2, 

which was then baked at 120°C. The sample was then immersed in water, allowing the MoS2 to 

float on the water with the polystyrene acting as a support film. The film was scooped onto the 

TEM grid and was heated to 120 °C again. The polystyrene was subsequently removed using 

toluene, followed by sample cleaning using acetone and IPA. The TEM grid was then kept in a 

vacuum for 24 hrs. The lattice image was further processed using ImageJ software to resolve 

the Mo and S atoms. The Mo atoms are the brighter big spheres seen in the processed TEM 

image in Fig. 5.6 b whereas the smaller dim spheres are the Sulphur atoms. The selected area 
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electron diffraction (SAED) pattern in Fig. 5.6 c confirms the crystalline nature of the MoS2 

monolayers. 

 

Figure 5.6: (a) The HAADF-STEM image of MoS2 taken at Brookhaven National Laboratory 

with the inset showing the FFT image of the lattice produced using ImageJ software. (b) the 

inverse FFT image of the FFT pattern in (a). (c) is the SAED pattern that shows the existence 

of a single domain and the highly crystalline nature of the monolayer. 

 

5.6 Expanding the Scope of Synthesizing monolayers  

In order to show the versatility of WG as a growth promoter for monolayer TMDs. We 

synthesized different monolayers such as WS2, MoSe2, and WSe2 using WG. The CVD growth 

was again carried out using a similar arrangement as the one used for MoS2 growth. Argon gas 

is used as a carrier gas for the synthesis of WS2. Argon hydrogen mixture (10% H2) was used to 

synthesize WSe2 and MoSe2. The precursor for MoSe2 was 30 mg of MoO3 and 300 mg of 

selenium. The precursors for WSe2 and WS2 were 500 mg of WO3 and 300 mg of selenium and 

sulphur respectively. The arrangement is shown in Fig. 5.7. For synthesizing WS2 and WSe2 

(both synthesized at 850°C) the substrate was kept with WG coated smooth side facing down 

and for MoSe2 synthesized at 700 °C the substrate was kept similar to MoS2 synthesis. Initially, 

the tubes were flushed with Argon gas at 500 sccm for 5 min, and then the flow was brought 

down and maintained at a constant value throughout the reaction. The flow rate for MoSe2 and 

WS2 was 30 sccm and for WSe2 was 200 sccm. The heater for chalcogens was set at 200 °C 

 for sulfur and 300 °C for selenium. This heater was turned on 5 min before the target 

temperature is attained and turned off after the reaction. The entire set-up is allowed to cool 

down naturally and the samples are taken out after it cools down to room temperature. 
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Figure 5.8: A schematic showing the two arrangement used to grow TMDs in CVD. 

 

5.6.1 Characterization of the Monolayers 

The properties of the samples were characterized through PL and TEM measurements. As these 

materials, in their monolayer limit, are direct bandgap, they exhibit good PL. The WS2 

monolayer spectrum showed strong PL emission (Fig. 5.8a) and it has an excitonic peak at 1.97 

eV (629.4 nm) and an FWHM of 0.04 eV which is similar to earlier reports.[26,27] The WSe2 

PL spectrum is given in Fig. 5.8b and it has an excitonic peak at 1.61 eV (769.5 nm) with an 

FWHM of 0.06 eV, which is similar to earlier report.[28] The MoSe2 PL spectrum is given in 

Fig. 5.8c and it has an excitonic peak at 1.54 eV (804.4 nm) with an FWHM of 0.04 eV, which 

is also similar to earlier report.[29][30] 

A high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) 

image of the WS2 having a high PL is shown in Fig. 5.8d and it shows a lattice with little to no 

defects. When the amount of WO3 precursor used in synthesis was reduced, from 500 mg to 

100 mg, the PL was considerably weaker and was not visible to the naked eye using the same 

PL microscope. HAADF-STEM study revealed that there was a considerable increase in 

tungsten vacancy in the monolayers, Fig. 5.8e, which explained the low PL. The HAADF-STEM 

image of the WSe2 monolayer is given in Fig. 5.8f which shows a defect-free lattice. This result 

showed that with WG it is possible to synthesize monolayers even when conditions are 
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suboptimal, and at optimal conditions the synthesized film quality is high.  

  

Figure 5.8: (a), (b) and (c) are the PL spectra of WS2, WSe2, and MoSe2 monolayers respectively. 

The PL is sharp and narrow indicating high film quality. (d) HAADF-STEM image of WS2 with 

high PL showing little to no defects. (e) The HAADF-STEM image of WS2 with low PL 

(synthesized by reducing the amount of WO3 by five times). The lattice image shows a 

considerable increase in the Tungsten vacancies in the monolayer crystals. (f) HAADF-STEM 

image of WSe2 

 

5.7 Summary 

In this chapter, we explored the effectiveness of sodium silicate as a novel growth promoter. 

The growth of TMD monolayers demonstrated enhanced tolerance to variations in CVD 

parameters, owing to the lower energy of formation required for the reaction. Through a 

comparison with NaCl as a growth promoter, we established the superior performance of WG 

in promoting the growth of TMD monolayers. Notably, the electrical mobility of the 

monolayers grown using WG surpassed those grown with NaCl under similar conditions by 

more than an order of magnitude, and exhibited comparability to findings reported in other 

studies. Furthermore, we successfully demonstrated the synthesis of diverse TMD monolayers 

utilizing WG as an effective growth promoter. 
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Chapter 6 

Straining MoS2 monolayer – Effect 

of uniform and non-uniform strain 

 

6.1 Introduction 

Monolayers of transition metal dichalcogenides (TMDs) possess exceptional mechanical 

strength, allowing them to withstand numerous bending cycles while maintaining their structural 

integrity.[1]Strain engineering has emerged as a powerful technique for tuning the 

optoelectronic properties of materials, and monolayer TMDs, in particular, present an 

outstanding candidate for strain studies due to their ability to endure high strains without 

damage. Among the TMDs, molybdenum disulfide (MoS2) has garnered significant attention as 

applied strain can effectively modulate its electrical and optical properties. Remarkably, MoS2 

monolayers can tolerate strains up to 11% without experiencing any detrimental effects.[2] 

Uniformly straining the monolayer improves electron mobility and helps modulate its 

optoelectric properties. The easiest method of applying uniform uniaxial strain is to transfer it 

onto a flexible substrate and bend it. The superior mechanical stability of MoS2 and its tunable 

optical and electrical properties with strain positions it as a viable material for flexible device 

applications such as photodetectors, strain sensors, solar cells, light-emitting diodes, and 

transistors.[3–6] 

Interestingly the properties of monolayer TMDs, including their electronic structure, dipole 

moment, band gap, mobility, carrier density, and local charge distribution, depend on their 

morphology, which can be finely tuned through stretching, twisting, bending, or wrinkling [7–

11] Precise control over the morphology of two-dimensional (2D) materials unlocks new 

possibilities for engineering material properties, enabling unconventional light-matter 

interactions in optical metasurfaces achieved through subwavelength-scale morphological 
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control of TMDs.[12,13] 

Current methods for controlling monolayer morphology, such as transferring 2D materials onto 

textured substrates, suffer from limitations in achieving conformal coating on complex 

geometries, lack of precise control, and film cracking.[14,15] Consequently, alternative 

techniques such as ALD, CVD, or a combination of conformal deposition of transition metal 

precursors and sulphurization have been employed to create conformal coatings.[16–19] 

However, while these methods have shown promise in producing anisotropic properties, they 

often yield highly polycrystalline films (nanosheets) rather than continuous monolayers.[18] A 

very strong growth promoter can help in the conformal growth of monolayer TMDs.[20] 

In this chapter, we explore strain studies on MoS2 monolayers, capitalizing on their exceptional 

mechanical stability and strain-tunable optoelectronic properties. By subjecting MoS2 

monolayers to controlled strains, we investigate the influence of strain on their electronic and 

optical characteristics. Additionally, we also explored alternative techniques to achieve 

conformal growth and precise control over monolayer morphology, addressing the limitations 

of current methods. Through these efforts, we aim to advance the understanding of strain 

engineering in MoS2 monolayers and pave the way for their application in flexible and high-

performance devices. 

 

6.2 Uniformly straining MoS2 monolayers uniaxially 

A very easy way to apply uniaxial strain to MoS2 is by placing it on a flexible substrate and 

bending it.[21–24] In order to conduct our study we choose to transfer monolayer MoS2 onto a 

silicon nitride (Si3N4) deposited fluorine-doped tin oxide-coated polyethylene terephthalate 

(FTO/PET) substrate. The growth and transfer techniques used for MoS2 are the same as the 

ones used in chapter 5. Fig. 6.1a-d shows the optical image of monolayer MoS2 triangles 

transferred on a Si3N4/FTO/PET substrate of different thickness. It has been reported that Si3N4 

has good optical visibility for 2D materials in the thickness regime of 50-100 nm on silicon 

substrate[25]. But for better optical visibility of MoS2 on the FTO/PET substrate, we optimized 

the Si3N4 layer thickness to be 150 nm. Fig. 6.1e shows the photograph of Si3N4 sputtered 

FTO/PET substrates of different thicknesses. The substrate with the pinkish color at the center 
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which had a Si3N4 coating of 150 nm exhibited the best contrast.  

 

Figure 6.1: (a) – (d) images of MoS2 on the Si3N4 of different thickness. 145 nm, 150 nm, 160 

nm and 280 nm respectively. (e) The photographs of 145 nm, 150 nm, and 160 nm of Si3N4 on 

FTO/PET substrate. 

 

Thus we choose 150 nm Si3N4 coated substrate for all our study. Fig. 6.2a shows the optical 

microscope image and Fig. 6.2b shows the FESEM image of the flexible device fabricated using 

chromium-gold (Cr (5 nm)-Au (65 nm)) van der Pauw contacts. A schematic of the fabricated 

flexible device is shown in Fig. 6.2c. The PL spectra of monolayer MoS2 exhibit (Fig. 6.2d) two 
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peaks at ~678 nm (1.83 eV) (with an FWHM of ~110 meV) and ~624 nm (1.98 eV) 

corresponding to the two direct excitonic transitions at the Brillouin zone K point. The PL 

spectra confirm that the monolayer MoS2 has inherent defects due to the appearance of a 

shoulder peak at 624 nm [26]. We found a B exciton to A exciton PL intensity ratio of around 

0.22. We intentionally chose such a sample to study the effect of strain on the native defects. As 

the formation energy of defects is the least for sulphur vacancies, the defects should 

predominantly be sulphur vacancies.[27][28][29] 

Figure 6.2: (a) Optical image of MoS2 transferred to a Si3N4/ITO/PET substrate, (b) FESEM 

image of the device fabricated on monolayer MoS2 (c) Schematic representation of flexible 

MoS2 device, and (d) Photoluminescence spectra of monolayer MoS2 shows the characteristic 

monolayer MoS2 peak (A exciton) and a shoulder peak corresponds to B exciton and the 

relatively high B exciton to A exciton PL emission ratio suggests the presence of intrinsic 

defects in the sample. 
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6.2.1 Optical studies on flexible devices 

Bending studies were performed on the flexible monolayer MoS2 devices to study the effect of 

strain on the intrinsic defects. The applied strain was approximately calculated using the 

formula,[21] 

s = t/2R 

where s is the strain applied, t is the thickness of FTO/PET substrate (t is measured as 0.02 cm) 

and R is the radius of curvature of the curved surfaces which is used here for applying strain 

(Fig.6.3a shows a representative photograph of a flexible substrate with devices, placed on a 

curved surface). Raman and PL measurements were used to substantiate the presence of strain 

in the strained sample (Fig.6.3 b and c). Raman measurement showed a decrease in the E2g peak 

value and the corresponding PL spectra from samples showed a red shift with an increase in 

strain.[30] This confirmed that the monolayer was being subjected to strain without any 

slippage. This slippage is absent because of the low value of applied strain.[31] 

 

Figure 6.3: (a) Image of a flexible device positioned on a curved surface with a radius of 5.4 

cm, exhibiting a strain of 0.4%. (b) Photoluminescence (PL) spectra of MoS2 on a flexible 

substrate under varying levels of strain. The PL demonstrates a redshift as strain increases. (c) 

Raman spectra of monolayer MoS2 at different levels of strain. The E2g mode exhibits a 

downward shift in Raman shift value with increasing uniaxial strain. 

 

6.2.2 Electrical studies on flexible devices 

The photoresponse measurements were performed on flexible monolayer MoS2 devices by 

applying a maximum of 3 V bias voltage for I-V studies and 1V steady dc bias for I-t studies. 
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More than two orders increase in the current was observed under light illumination (405 nm, 20 

mW/cm2) compared to the dark current. The current under light illumination was 19 nA 

compared to 0.16 nA measured at dark. Fig. 6.4a shows current vs. voltage (I-V) plots under 

light illumination for a flexible monolayer MoS2 device by varying the tensile strain from 0 to 

0.4%. When we increased the tensile strain from 0 to 0.2%, the photocurrent initially decreased 

from 19 nA (at 0%) to 12 nA (at 0.2%), and at 0.3% strain, we observed an enhancement in the 

photocurrent (14 nA). Interestingly, under light illumination, photocurrent was taking more time 

to saturate at particular values of strain, which was not observed at other strains. This can be 

attributed to the activation of metastable defects at that particular strain. When the applied strain 

is higher than the activation point (here it is 0.4%), the current decreases to 11 nA which 

confirms that a higher strain had detrimental effects on the photocurrent. Fig. 6.4b shows the 

change in photocurrent and photoresponsivity to the applied strain and clearly illustrates an 

increase in photocurrent and responsivity[32]  

Iphoto = Ilight - Idark  and R = (Ilight - Idark)/(P × A) 

at 0.3% strain corresponding to the defect activation. Interestingly, we observed the same 

phenomena in different devices at different strains, which confirms that as the defect density 

varies from sample to sample, the defect activation point also varies from device to device. 

 

Table 6.1. Rise time (Ꞇr) and decay time (Ꞇd) for different strain 

Strain Ꞇr(S) Ꞇd(S) 

0 % 9.8 37.1 

0.1 % 15.4 47.2 

0.2 % 13.5 42.4 

0.3 % 21.4 48.4 

0.4 % 19.8 55.2 
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Figure 6.4: (a) I-V curves of monolayer MoS2 in the presence of light by applying strain shows 

a decrease in photocurrent with the increase in strain under 1V bias voltage. (b) Photocurrent 

and photoresponsivity vs. strain, showing initially a decrease in current by increasing strain, but 

an increase in photocurrent at 0.3% strain reveals the defect activation at a particular strain. (c) 

I-t plot of monolayer MoS2 under different strains in first bending cycle under 0.5 V bias voltage 

shows a gradual decrease in photocurrent with an increase in strain but shows an enhancement 

in current at 0.3% strain. (d) I-t plot of monolayer MoS2 after defect activation (second bending 

cycle) depicts at 0.3% strain current increases as time progresses 

 

Interestingly it is the I-t that gives a noticeable response to the effect of the strain. Once the 

defects in the devices got activated it was taking more time for the photocurrent to saturate and 

showed persistent photoconductivity. It has been reported that in TMDs small external 

activation energy can activate the metastable defects. The activation and deactivation of these 

defects can be reversible depending on the type of defects [33]. Our study suggests that even 
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low strain can activate these metastable defects, which can be deactivated by applying a higher 

strain. Since these defects are optically active, the effect of defect tuning will be more 

pronounced in the photoresponse measurements. Also, the defect level tuning under applied 

strain due to the trapping of charge carriers in mid-gap states alters the photoresponse 

characteristics [34] 

Repeated IV measurements showed reproducible data and the I-V was more or less symmetric. 

However, after the prolonged I-t measurements, the device started exhibiting diodic behavior. 

We applied prolonged biasing of 1 V for half an hour and then measured I-V at different strains. 

In Fig. 6.4a, I-V curve is initially symmetric at 0% strain (black curve). When we applied strain 

from high to low (0.4% to 0%), at 0.3 % strain under prolonged light illumination and applied 

bias, a slight enhancement of the photocurrent was observed and the I-V characteristics 

remained symmetric. But the photocurrent was not saturating at this strain value and it was 

increasing with time, suggesting that some deep-level traps were getting activated at this 

particular value of strain. As we gradually reduced the strain from 0.3% to 0%, the I-V curve 

became asymmetric, and the asymmetry persisted even after relaxing to 0% strain (0%-R). 

To explain this asymmetric behavior, we looked for signs of some of the reported effects. Since 

most 2D materials lack inversion centrosymmetry [1] when they have an odd number of layers, 

strain can induce piezoelectric and piezoresistive effects [35,36]. In the piezoelectric effect, the 

strain-induced polarization modifies the charge distribution within the material and thereby 

changes the electric properties. Whereas in the piezoresistive effect strain alters the band 

structure of the semiconductor, which modifies the electric transport properties. However, even 

after multiple cycles of I-V measurement, for all values of strain, the I-V graph remained nearly 

symmetric. This meant that prolonged biasing is crucial to transform the symmetric I-V into an 

asymmetric I-V (Fig. 6.5). 

A possible explanation is that the asymmetric I-V characteristics due to the accumulation of 

defects at one of the contacts. [37] At specific values of strain, the diffusion barrier energy 

needed for the migration of defects reduces, this makes the defects highly mobile at lower bias. 

The  This argument goes well with some reported computational results in MoS2 and other 

materials where the energy barriers for migration changed as a function of strain [38–40]. We 

believe that this happened because at 0.2% and 0.1% strain, the migration energy barrier 
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decreases and the defects becomes highly mobile. This causes the defects to migrate with ease 

under the applied bias. However, the asymmetry disappeared after some time suggesting that 

the defects diffused back to the MoS2. 

 

Figure 6.5: I-V characterization of the device after prolonged bias of 1 V under various strains. 

(a) I-V characteristics under light illumination shows a symmetric to asymmetric switching 

when strain is applied from high (0.4%) to low value (0%). The asymmetry started at 0.2% strain 

(b) I-V characteristics by varying strain value from low (0%) to high (0.4%). In this case the 

asymmetry started at 0.1% strain. These experiments suggest that the transition of I-V 

characteristics from symmetric to asymmetric happen only around strain values of 0.1% and 

0.2%. 

 

To further validate our observations on lowering of migration energy and defect activation, 

strain-dependent low-frequency noise measurements under different strains were investigated. 

Fig. 6.6a shows the normalized power spectral density (PSD/I2) vs. frequency at different 

strains. The graph shows an initial decrease in PSD/I2 under strain and a gradual increase 

afterward with the increase in the applied strain. We calculated the slope of the noise spectrum 

at lower frequencies (Fig 6.6b). The slope showed an increase at 0.1% strain as compared to 0% 

strain, then showed a decrease with a further increase in strain value. This observation can be 

attributed to the contribution of noise originating from slowly migrating defects.[41][42] From 

the prolonged measurements on the MoS2 monolayer device under strain, it is clear that the 

defect migration happens at 0.1% and 0.2% as these are the values of strain that have given rise 

to a diodic behavior. The diodic nature was more pronounced at 0.1% as compared to 0.2% 
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suggesting a lower value of migration energy at 0.1%. Thus the slope at 0.1% is higher as defects 

are now slowly migrating. At strain value of 0.2 % the migration energy increases slightly and 

this is reflected in the slope of the noise. As the migration of defects are much less than at 0.1% 

the slope decreases. Upon increasing to 0.3 % the migration energy has increased further but 

the slope remains comparable to 0.2% strain. This might be due to the fact that defects are 

getting activated at 0.3 % (defect activation point), as evidenced by our photoresponse study. 

Further increasing the strain value decreases the slope again (at 0.4 %) because the activation of 

defects or lowering of migration energy are missing at 0.4% strain and thus giving a slope 

comparable to the unstrained device 

        

Figure 6.6: (a) Low noise measurement under tensile strain is shown. The normalized power 

spectral density vs. frequency characteristics are shown when strain varied from 0 % to 0.4 %. 

(b) The table listing the slopes corresponding to different values of strain. 

 

We also studied the effect of strain on electronic mobility. Fig. 6.7a shows the transfer 

characteristics of flexible single-layer MoS2 devices under different strains, for that gate voltage 

varied from -3V to 3V. The field-effect mobility is calculated from the slope of Fig. 6.7a using 

the equation,[43] 

𝜇 =  
𝑑𝐼𝑑𝑠

𝑑𝑉𝑏𝑔

𝐿

𝑊𝐶𝑔𝑉𝑑𝑠
 

where, 𝐿 is the channel length, 𝑊 is the channel width, 𝐶𝑔 is the gate capacitance per unit area  
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𝐶𝑔 =
𝜀0𝜀𝑟

𝑑
 ,  ε0 = 8.854×10−12 Fm−1, εr  for Si3N4 is 7.5, and d is the thickness of Si3N4, here it is 

150 nm. 

We observed an increase in the field-effect mobility by increasing the uniaxial tensile strain 

from 0% to 0.4%. The mobility increased from 26.24 cm2/V.s at 0% strain to 38.79 cm2/V.s at 

0.4% and the threshold voltage also showed an increase with increasing strain (mobility and 

threshold voltage at different strains are listed in Table 2). Fig. 6.7b clearly illustrates a sharp 

increase in mobility at 0.1% strain and further reaches a plateau above 0.3% strain. Our findings 

indicate that electronic band gap tuning as well as defect level tuning due to the applied strain, 

effects the mobility of the device. We have also done the gate hysteresis and pulse measurements 

at lower strains. 

 

Figure 6.7: (a) Source-drain current versus gate voltage when drain-source voltage is 1V. (b) 

Mobility variation with an increase in strain. 

 

 

 

 

 

 



Chapter 6.   Straining MoS2 monolayer – Effect of uniform and non-uniform strains 

118 

  

 

Table 6.2: Mobility and thresh hold voltage at different strains 

 

  

 

 

 

 

 

 

 

 

6.3 Conformal growth of monolayer MoS2 

WG is an efficient growth promoter as demonstrated in chapter 5. This makes it possible for the 

growth of MoS2 monolayers conformally on to the textured substrate and textured substrates 

could help attain controlled strain as per previous reports.[20] 

6.3.1 Preparation of textured substrates  

In order to test the conformal growth of MoS2 we prepared various textured substrate. Fig. 6.8a 

shows the schematic of making a 300 nm SiO2 on a Si substrate with trenches of various widths. 

The Si substrate was spin-coated with S1813 photoresist and trenches of various sizes were 

drawn using a laser writer. The pattern was developed using the MF319 developer. Using a 

home build RIE trenches were etched onto Si wafer as photoresist acted as a mask, protecting 

the unexposed parts of Si. The reaction mixture contained 4 sccm of SF6 and 1 sccm of O2 gas. 

The presume was 0.06 mBar and the RF generator was at a power of 120 W. After 1 min in RIE 

the trenches were etched and the sample was taken out. The photoresist was washed off in 

acetone followed by cleaning in IPA and finally blow-drying. The substrate was again cleaned 

in a plasma asher at 40 W for 5 min in O2 plasma. The substrate was kept in the CVD furnace 

Applied strain Mobility (cm2/V. s) Threshold 

Voltage (V) 

0% 26.24 2.0 

0.1% 33.76 1.9 

0.2% 37.47 2.1 

0.3% 38.19 2.2 

0.4% 38.79 2.2 
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with a fresh tube and was taken to 1100 °C and was maintained at this temperature for 5 hrs 

under the flow of dry O2 to grow 285 nm of SiO2. The furnace was allowed to cool naturally 

and the substrate was taken out and coated with 0.5% WG solution at 4000 rpm after cleaning 

again in a plasma asher. The substrate was then used as mentioned in chapter 5 to grow MoS2 

in the CVD to get scattered triangles.  

A textured substrate, with hemispheres of around 24 nm diameter in a honeycomb lattice, was 

made by growing 80 nm SiO2 on a nanopatterned Si substrate that was fabricated using a block-

co-polymer technique as reported previously.[44,45] 

 

Figure 6.8: (a) schematic of patterning trenches onto Si substrate followed by the growth of the 

oxide layer and MoS2. (b), (c) and (d) are OM images of monolayer MoS2 grown on trenches of 

different widths.  
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To fabricate the slanted roof-like nanostructure, shown in Fig. 6.9, photolithography and a series 

of wet etching methods were implemented. Initially, lines of various thicknesses were drawn on 

SiO2-coated Si using photolithography and after developing we used a photoresist as a mask to 

etch SiO2 in Buffered oxide etchant (H.F, 10:1). The etching was carried out for 5 min. The 

substrate was then washed in D.I. water, followed by acetone and IPA. This was followed by 

lift-off in acetone and cleaning in IPA followed by O2 plasma cleaning. Then it was immersed 

in 5M KOH in water with 5% IPA at 60 °C for an hour with stirring at 800 rpm in a beaker to 

have a smoothly etched surface[46]. The undercutting from both etching processes combined 

with selectivity helps us get the desired structure. The SiO2 will also be slightly etched changing 

the color as thickness reduces by a few nm. The depth of KOH etching was shallower than 

expected, maybe because a very thin oxide layer was left after HF etching. Fig. 6.9a depicts the 

schematic of the entire process of fabricating this structure. Fig. 6.9 b-d shows images of MoS2 

conformally coated onto these patterned substrates. The image shows some monolayers hanging 

from the edges and is marked by a yellow circle. 
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Figure 6.9: (a) is the schematic of making a structure with sharp edges and curves for the 

conformal growth of MoS2.  (b) is a continuous coating of MoS2 on one of the patterned 

structures with the top right side of the image which is of a lighter shade is an uncoated region 

of Si. Contrast is adjusted to enhance the difference. The scale bar is 1 µm. (c) A small piece of 

monolayer MoS2 can be seen hanging out. The scale bar is 200 nm. (d) Shows another structure 

where a bigger piece of MoS2 monolayer is hanging out as it got cut while cleaving. The scale 

bar is 1 µm 

 

The FESEM images comparing all the different textured substrates is shown in Fig. 6.10. 
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Figure 6.10: (a)-(c) are the FESEM images of the substrate with trenches. (d)-(f) are the FESEM 

images of the substrate with nano-hemispheres in a honeycomb lattice. (g)-(i) are the FESEM 

images of the substrate with the slanted roof-like geometry. 

 

6.3.2 Optical properties of conformally grown MoS2 

We were interested in the formation of a nonuniformly strained structure. Thus we used the 

single shot PL technique to observe an enhancement at particular regions. Fig. 6.11 shows the 

schematic of the setup used for the single shot PL. To ensure large area uniform illumination of 

the substrate, we directed laser light onto the back focal plane of a 100X microscope objective, 

resulting in a quasi-parallel beam measuring 90 µm in diameter. To capture the PL images, an 

electron-multiplying charge-coupled device (EMCCD) camera was utilized, as illustrated in Fig. 
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6.11a. Due to the small structures, it is impossible to observe any localized enhancement on the 

hemisphere lattice. 

Analysis of the single-shot PL revealed that only the roof-like structure exhibited distinct 

characteristics compared to other nanostructures. While the other nanostructures displayed 

relatively uniform PL, the roof-like structure demonstrated a notable increase in PL intensity in 

the localized regions adjacent to the nanostructure, as can be seen in Fig. 6.11b. This 

enhancement was predominantly observed in regions where MoS2 was conformally grown, 

particularly in areas where the roof-like structure was slanted and in very rare cases in regions 

where the transition from a plane to a slanted structure was happening. The sharp edges of the 

nanostructure, as can be seen in Fig. 6.11c, exhibited a considerable quenching of PL. This 

change in PL intensity can be attributed to local variations in morphology, resulting in different 

strain gradients across different regions of the nanostructure. 

Normally, strain leads to the quenching of PL in monolayers. However, the presence of a strain 

gradient can induce effects such as funneling or exciton-to-Trion conversion, resulting in a 

localized enhancement of PL intensity within the strained regions. We focused our attention on 

a region that showed enhancement and did further analysis. Fig. 6.12a displays an optical image 

of a monolayer MoS2 grown conformally onto the slanted roof-like region of the substrate. In 

Fig. 6.12b, a corresponding single-shot PL image is presented, where false color is utilized to 

represent the signal intensity. An increase in the PL intensity was observed in the slanted region 

of the nanostructures. The PL spectra obtained from various regions were graphically 

represented in Fig. 6.12c. Our observations revealed a significant enhancement in the PL 

intensity, accompanied by modulations in the PL peak position and nature of the spectra within 

the slanted region. 
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Figure 6.11: (a) A schematic is presented, illustrating the utilization of a convex lens to focus 

the 532 nm laser onto the back focal plane of the objective (not to scale). This configuration 

enables the generation of a quasi-parallel beam with a diameter of 90µm. (b) The PL intensity 

is depicted in a false color image captured by an EMCCD. (c) The zoomed image of (b) reveals 

that minimal intensity is observed at the sharp edge of the slanted roof-like structure. This 

observation suggests that the high strain present at the edge of the MoS2 may be the reason 

behind this quenching. Conversely, the conformally coated MoS2 in the slanted region exhibits 

high PL intensity. Additionally, some regions where the structure transitions from a plane to a 

slanted configuration, corresponding to region 1, also exhibit enhancement in PL  

The modulation in the peak spectra can be attributed to strain and the increase in PL intensity 

suggest that the monolayer is non-uniformly strained.[9,47] The monolayer in the region that 

exhibiting this peculiar behavior could have a gradual change in strain in the slanted roof like 

region. The region can be identified under optical microscope easily as there is a continuous 

change in the coloration of the substrate, caused by the variation in the thickness of SiO2 in this 

region. In the region marked as region 3, the PL signal was enhanced significantly and the PL 

peak position was modulated by the emergence of additional peak that appears to be a red-

shifted peak. The PL intensity of regions other than region 4 were significantly lower than that 

of region 3. An FESEM image of the slanted roof like nanostructure with conformally grown 
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MoS2 was taken after the optical measurements Fig. 6.12d and a schematic of the same is given 

Fig. 6.12e. To facilitate visualization, the schematic in Figure 4e also illustrates the regions 

within the sample from which the spectra were collected. 

 

Figure 6.12: (a) Optical microscopic images of MoS2 grown on the slanted roof-like 

nanostructure. (b) Single shot PL image of the region shown in (a). The labeled line in the (b), 

marked from 8 to 1, indicates the region from which eight spots that were selected for obtaining 

Raman and PL spectra. (c) PL intensity was collected from the 8 spots. The enhancement in the 

PL in regions 3 and 4 is more than four times the PL in region 1. (d) FESEM image of the slanted 

roof-like nanostructure with conformally grown MoS2 that exhibited an increase in PL spectral 

weightage. (e) a schematic of the nanostructure with MoS2 indicating regions 1 to 8. (f) and (g) 

are the normalized PL and Raman spectra from regions 1 to 8 plotted in a cascade fashion. The 

change in the nature of the spectra is visible in the PL and a slight shift in Raman modes is also 

observed. (h) Normalized PL spectra obtained from region 4 of a similar nanostructure, 

monolayer of MoS2 on Si and SiO2 regions far away from the nanostructure. 
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6.4 Summary 

In this chapter, we focused on the influence strain has on the properties of monolayer MoS2. A 

shift in optical characterization and an enhancement in mobility with strain were observed. 

More importantly, our results revealed that very small values of strain can lower the migration 

energy for the defects and this result could have profound implications on memristor and 

flexible device application. An approach to induce non-uniform strain by conformal coating 

was also explored and we found the technique to be effective in modulating the properties of 

MoS2 locally. The main challenge to this however is the precise design of textured substrate 

while considering other parameters like thermal expansion coefficient slippage etc. 

Nonetheless, the conformal growth of monolayers also holds immense potential in fine-tuning 

the device properties both optically and electrically. 
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Chapter 7 

Unveiling the Phase Evolution of All-

Inorganic Perovskite Nanowires  

This chapter is an adaptation of the research article published in “Nanotechnology 33 085706, 

2021” 

  

7.1 Introduction 

The remarkable properties of lead halide perovskites have positioned them as the rising stars 

among optoelectric materials, offering advantages such as high absorption coefficients, long 

carrier diffusion lengths, and cost-effective fabrication. However, challenges related to stability, 

especially in the case of organic-inorganic hybrid perovskites, have impeded their widespread 

use. In contrast, all inorganic perovskites exhibit excellent thermal stability and demonstrate 

promising optoelectric characteristics. Notably, nanowires have gained significant interest due 

to their potential applications in optics and optoelectronics.[1–8] Among these CsPbI3, which 

exhibits a bandgap of 1.73 eV in its α-phase is of particular interest. However, this phase is 

metastable at room temperature and spontaneously transforms into the δ-phase, characterized 

by a higher bandgap of ~2.82 eV.[9,10] The stability of the cubic phase is surpassed by the 

thermodynamically more stable δ-phase, leading to the degradation of the former into the 

latter.[11] Various factors, such as size, temperature, light, surfactants, and solvents, have been 

found to influence phase transitions in CsPbI3 nanowires.[11–15] Among the different methods 

employed to obtain α-phase CsPbI3 nanowires, hot injection (HI) has gained prominence due to 

its simplicity, precise control, and high yield. The CsPbX3 (X=Cl, Br, I) nanocrystals (NCs) 

were first synthesized using the HI method by Protesescu et al.[16] Subsequent research 

expanded the synthesis to achieve nanowires with different morphologies, including 

nanospheres, nanoplatelets, and nanorods. [17–22]. In this study, we present a modified HI 

method for the growth of CsPbBr3 and CsPbI3 perovskites, with a particular focus on the 
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evolution of crystals from Quantum dots (QDs) to nanowires. Through comprehensive analyses, 

we establish the presence of photoactive perovskite phases in the NCs of both materials and 

observe the successful growth of CsPbBr3 nanowires in the perovskite phase. However, CsPbI3 

nanowires primarily grow in the non-perovskite δ-phase. Moreover, we provide in situ evidence 

for the crystal growth of CsPbI3 nanowires, supporting the notion that they inherently grow in 

the δ-phase rather than undergoing a phase transition. We also found that during the HI 

synthesis, the presence of QDs or nanocrystals (NCs) alongside the nanowires poses challenges 

in characterizing the nanowire’s true phase. The signals from NCs can obscure signals from the 

non-perovskite δ-phase, and this is true for both bulk photoluminescence (PL) and X-ray 

diffraction (XRD) measurements, making it difficult to discern the nanowire’s phase. This 

research significantly contributes to our understanding of the growth of all inorganic perovskite 

nanowires and also points out the importance of microscopic techniques to discern between 

different phases of perovskite. 

 

7.2 Synthesizing QDs 

The CsPbBr3/CsPbI3 QDs were prepared using the hot injection method. Freshly prepared 

Cesium oleate was synthesized by adding 0.2 g of Cs2CO3 to 8 ml of Octadecene (ODE) along 

with 0.6 ml of Oleic acid (OA). The mixture was kept in the vacuum at a temperature of 120 °C 

till all the Cs2CO3 dissolved. Then dry nitrogen was flushed and the temperature was cranked 

up to 150 °C which is kept on standby. Simultaneously we take 0.1 g of PbBr2/PbI2, 8 ml of 

ODE, 1 ml of Oleylamine (OLA), and 0.2 ml of Octylamine (OctA) in a separate 3-necked flask 

and heated to 90 °C in the vacuum till PbI2 dissolves. We then pass dry N2 and crank the 

temperature to 120 °C and inject the freshly prepared Cesium oleate, about 0.6 ml into this. The 

color of the solution immediately turns reddish-brown and is kept at 120 °C for 1 min and is 

quenched in an ice bath. The Raw solution can either be diluted using Toluene or ODE and can 

be stored at -40 °C for long-term storage. 
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7.3 Modifying the HI process 

Previous studies have revealed that the crystal growth process in the hot injection (HI) technique 

consists of two stages: nucleation, followed by a rapid crystal formation lasting a few tens of 

seconds, and subsequent Oswald ripening, where smaller crystals dissolve and feed the growth 

of larger crystals.[23][24] Building on this knowledge, we hypothesized that we can resume the 

reaction after quenching once the first stage is complete. We anticipated that by heating the 

quenched solution of QDs at a later stage, we could resume the growth process and obtain 

different crystal morphologies according to the temperature and/or surfactants used. 

To test our hypothesis, we quenched the HI reaction within one minute after injecting freshly 

prepared Cesium oleate at 120°C. At this point, all the formed nanocrystals were in the form of 

quantum dots, exhibiting photoactive perovskite properties. Comprehensive characterizations 

of these QDs were performed using photoluminescence (PL), UV-Vis absorption, and time-

resolved PL measurements (Fig. 7.1a-c). The PL peak at 680 nm corresponded to an energy of 

1.82 eV, with a full width at half maximum (FWHM) of 36 nm. The observed peak shift from 

the material's energy of 1.73 eV was attributed to the quantum confinement effects of the QDs, 

wherein smaller QDs exhibited a more significant blue shift. [25][26] 

 

Figure 7.1: (a) PL spectra of CsPbI3 QDs which peaks at 680 nm, (b) UV−vis absorption of the 

QDs. (c) Time-resolved PL decay curves of the QDs showing a decay lifetime of 23 ns. 
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To verify the size of the crystals we used High-resolution transmission electron microscopy 

(HRTEM) images (Fig. 7.2 a). The HRTEM analysis revealed an average particle size 

estimation of approximately 9 nm, and a corresponding size histogram is presented in Fig. 7.2b. 

The analysis was done using ImageJ software. The UV-Vis absorption curve and the PL decay 

curve, indicating a lifetime of 23 ns, aligned with previous reports on α-CsPbI3 QDs synthesized 

using oleic acid (OA).[27]These findings confirmed that the initial solution contained 

photoactive QDs in a perovskite state with an average size of 9 nm. 

Subsequently, a drop of the original QD solution was placed on a microscope coverslip and 

heated under inert conditions at 200°C for approximately 10 minutes. Remarkably, the clear 

solution observed under the microscope transformed into a dense cluster of nanowires upon 

heating, proving that nanowire growth could be resumed from the QDs by heating the solution 

at a later stage. The same procedure was successfully applied to CsPbBr3 as well. The PL images 

confirmed the growth of nanowires from the solution, with CsPbI3 nanowires displaying a faint 

yellowish emission, attributed to the presence of the δ-phase.[28] The bright green PL of 

CsPbBr3 nanowires demonstrated that our method was capable of producing perovskite 

nanowires as effectively as conventional HI or other solution-based approaches. 

To ensure the comparability of our approach to the conventional HI method in terms of nanowire 

quality, we initially validated our technique using CsPbBr3 as a model system. The measured 

interatomic distance of the wires, determined to be 0.56 nm, aligned with reported values for 

orthorhombic CsPbBr3 grown using the HI method.[28] These results affirm that our method of 

interrupting and resuming the reaction can rapidly produce high-quality nanowires on demand. 
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Figure 7.2: (a) HRTEM images of the CsPbI3 QDs (scale bar is 50 nm). (b) Histogram showing 

the size distribution of the QDs. (c) and (d)) are PL images of nanowires formed by heating the 

QD raw solutions of CsPbI3 and CsPbBr3, respectively (scale bar 30 µm). 

 

7.3.1 XRD of nanowires 

During the growth of CsPbI3, we made observed that the color of the raw solution changes as it 

was heated. Initially, the solution turns black and subsequently transitions to a yellow color. If 

we rapidly heat the solution to 220°C, it will turn black by the time it reaches the target 

temperature. If we do not immediately quench the heating process, the solution will gradually 

change to a yellow color within a few tens of seconds. Additionally, there is a slight evaporation 

of the organic solvent (ODE), which increases the solution's concentration. 

To halt the reaction, we quenched the heating process by introducing cold water into the stage 

as soon as the solution turned black. XRD of the black solution, as well as on the dense clusters 
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of nanowires were taken. The XRD data from both samples were plotted and compared with the 

ICSD data of alpha(α) and delta (δ)-phase of CsPbI3 (Fig. 7.3 a and b). The black solution 

primarily consisted of the photoactive phase, referred to as the α-phase, which is represented by 

the red plot. In contrast, the nanowires were in the δ-phase, indicated by the yellow plot. The 

XRD pattern displayed similarities to that of the cubic phase, with two additional peaks and a 

double peak near 30 degrees, which could be attributed to the presence of mixed phases. The 

prominent peak near 10 degrees is likely from the δ-phase, as it aligns with its characteristic 

peak. The presence of the twin peaks may arise from a combination of the cubic phase and a 

strained phase, which also exists in the photoactive perovskite phase, such as the gamma (γ) or 

beta (β) phases of CsPbI3.[29,30] 

 

Figure 7.3: (a) shows the XRD of experimental cubic CsPbI3 compared with standard XRD peak 

and (b) shows the XRD of experimental δ-CsPbI3 with the standard XRD peak. ICSD ID are 

161481 and 27979 respectively for cubic and δ-phases. 

 

7.3.2 HRTEM of nanowires 

To verify the presence of mixed states in the obtained crystals, we transferred the NCs onto a 

carbon-coated transmission electron microscopy (TEM) grid. This transfer was achieved by 

immersing the substrate in toluene and drop-casting the solution onto the TEM grid. Fig. 7.4a 

displays a low magnification high-resolution TEM (HRTEM) image, revealing the presence of 

long wires and numerous quantum dots, most of which appear as cubes with rounded edges as 

seen in Fig. 7.4b. The interatomic distance and the FFT pattern of the crystals confirm the 

crystals to be in the cubic phase. The particle size distribution histogram of 110 cubes is shown 
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in Fig. 7.4d indicating an average size of approximately 44 nm. The wires, on the other hand, 

exhibited diameters ranging from 25 to 30 nm with a length of a few micrometers. The 

discrepancy in diameter and length suggest that surfactants aid in the directional growth of the 

δ-phase but not in the cubic phase. This phenomenon explains why the cubes uniformly grew 

from 9 nm to 44 nm in all directions, while the wires, which have elongated several micrometers 

in a particular direction, only reached diameters of 25-30 nm. HRTEM images provide visual 

evidence of the existence of different forms of perovskite NCs. Moreover, analysis of the 

interatomic spacing and the FFT of the crystal structure of the wires (Fig. 7.4 e and f) and cubes 

confirms their distinct crystal structures. Energy-dispersive X-ray spectroscopy (EDX) analysis 

of the wires confirms that their composition corresponds to CsPbI3. 

The HRTEM data firmly establish the presence of multiple phases in the NCs. The measured 

nanowire with a diameter of approximately 25 nm is identified as being in the δ-phase, while 

the cube with a side length of 47 nm corresponds to the α-phase, as evident from their respective 

interatomic spacing (0.61 nm and 0.46 nm) and FFT analysis.[31] [28] The predominance of 

cubic particles aligns with the stronger peaks observed in the XRD data for the α-phase. 

However, due to the mixed nature of the system, utilizing bulk techniques to explore the phase 

of the wires can introduce experimental artifacts, as the properties of one phase may mask the 

other. Therefore, it is essential to employ microscopic techniques and characterize the wires 

individually to accurately determine their actual phase. 
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Figure 7.4: (a) Lower magnification HRTEM image of the NCs. (b) and (e) are high-resolution 

images of cubes and wires. (c) and (f) is the HRTEM images of the respective cubes and wires 

showing the interatomic spacing with FFT patterns of the corresponding lattice shown in the 

inset of each image. (d) Histogram of the size distribution of cubes (110 cubes) from a small 

cluster. (g) EDX spectrum showing the elemental composition of the nanowires 
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7.3.3 Electrical characterization of nanowires 

The optoelectronic characteristics of the nanowire devices were assessed through a series of 

measurements. As the wires dissolved in water, it was impossible to do photolithography on the 

wires. Using shadow-masking was also not an option as we had to have a micro mask aligned 

perfectly with the nanowires. Thus, we choose to drop-cast the wires onto the interdigitated 

leads and subsequently dried them. To ensure that only the nanowires, which extend several 

micrometers in length, made contact between the two leads, the spacing between consecutive 

leads was maintained at 4 µm. The use of a dilute solution and large spacing ensures that no 

QDs make a complete connection and the electrical signal that we measure is purely from the 

nanowires. Optical microscopic images (Fig. 7.5 a and b clearly depict that the device had only 

a few nanowires forming connections between the leads, while no nanoparticle clusters were 

observed (as evident from the dark field image, Fig. 7.5b). 

The device was measured under open environmental conditions using a home-built probe station 

and a Keithley 2450 source measure unit. Light-emitting diodes (LEDs) powered and controlled 

by Arduino were employed as the light sources. Upon illumination with a 9 mW/cm2 535 nm 

LED, the device exhibited no photo-response. However, when illuminated with a 405 nm LED 

at an intensity of 12 mW/cm2, a significant photo-response was observed (Fig. 7.5c). The 

nanowire device displayed reproducible photo-response behavior under repeated ON/OFF 

cycles of the 405 nm LED, with no reduction in the peak photocurrent value as can be seen in 

Fig. 7.5d. Remarkably, the device performance remained stable over several months, even when 

exposed to an open environment. 

The fact that the nanowires exclusively responded to the 405 nm LED and not the 535 nm LED 

can be attributed to the absorption characteristics of the δ-phase, which begins around 457 

nm.[28] This result further corroborated the presence of nanowires in the δ-phase. 



Chapter 7.   Unveiling the Phase Evolution of All-Inorganic Perovskite Nanowires 

141 

  

 

 

Figure 7.5: (a) The optical microscopic image of the device, (b) Dark-field image of the same 

clearly showing the presence of nanowires. (scale bars are 50 µm for both (a) and (b) ). (c) The 

I-V characteristics of the nanowire device with and without the 405nm LED (12 mW/cm2). (d) 

I-t response of the device was obtained by repeatedly turning on and off the 405 nm LED. 5V 

bias was applied to the nanowire device during the measurement. 

  

7.4 In-situ observation of growth 

CsPbI3 nanowires synthesized using various techniques such as vapor phase growth, asymmetric 

wettability-topographical template, or solution dipping, have exhibited photoluminescence (PL) 

images or device responses, confirming that they are in the perovskite phase.[31] [5,32–34][35] 

Notably, some of these wires were reported to be 1 µm wide, indicating the potential for the 

nanowires to grow long and wide in their active perovskite state.[35] However, the nanowires 
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produced using the hot injection (HI) process, despite being thinner than the α-phase quantum 

dots (QDs), were found to be in the δ-phase. This disparity could be attributed to the distinct 

growth mechanism employed in the HI technique, which utilizes surfactants such as lead oleate, 

oleylammonium halide, oleic acid (OA), oleylamine (OLA), and octylamine (OctA) for the 

formation of perovskite nanocrystals (NCs).[36] Consequently, the suitability of the HI method 

for synthesizing nanowires of highly symmetric cubic phase perovskites may be limited. This 

notion gains further support from the fact that most of the NCs were larger in diameter than the 

wires observed in Fig. 7.4a. If the surfactants indeed confined the growth of α -phase QDs into 

wires through selective adsorption, the cubes would not have grown symmetrically to such sizes. 

The observed wires were a few micrometers in length with a diameter of around 25 nm, whereas 

the majority of QDs grew symmetrically in all directions, increasing their size by nearly five 

times, from approximately 9 nm to 44 nm (Fig.7.4a). The symmetrically growing QDs were in 

the cubic phase, whereas the nanowires were in the δ-phase, as indicated by their lattice spacing 

and fast Fourier transform (FFT) patterns. Therefore, the most plausible explanation is that 

preferential growth of NCs, facilitated by surfactants, leading to nanowire formation, occurs 

when the highly symmetric cubic phase transitions to beta (β), gamma (γ), or delta (δ) phases in 

the case of the HI technique. This notion is supported by recent work on CsPbBr3, where QDs 

are grown into wires by utilizing light to selectively remove surfactants from one plane, 

promoting the self-assembled growth of cubic nanowires.[37] This indicates that the surfactants 

naturally cover all sides of the cubic crystal, and an external stimulus is necessary to eliminate 

these ligands. The selective adsorption of ligands onto crystal planes aids in nanowire growth 

in ligand-mediated processes.[38,39] Based on our observations, we propose that since crystals 

in the cubic phase grow isotropically while crystals in the δ-phase grow anisotropically, the 

selective adsorption occurs in the δ-phase rather than the cubic phase of CsPbI3. 

 

7.4.1 Design of the heater box and controller  

This method of resuming the growth by heating the liquid makes it possible to view the nanowire 

growth under a microscope with an appropriate setup. For this, we designed a compact heater 

box with rapid heating and cooling capability. We used an Aluminum box with an O-ring 

positioned along the rim to ensure an airtight seal as the body of the heater box. Inside the box, 
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an Aluminum block is placed on top of a floating SS (stainless steel) platform, which is securely 

attached to the walls of the box. The floating platform ensures minimal heat loss from the 

Aluminum block to the box. Within the block, two Cartridge heaters of 30 W each as the heating 

element. To monitor the temperature of the block, a k-type thermocouple is employed. We used 

a Nickel-Alumel thermocouple as the temperature sensor and the accuracy of the designed 

temperature on the surface of the block, in the range 60-400 °C, was tested using a Pt-100 sensor. 

The temperature was found to be accurate up to 1°C. We also installed a water circulating system 

to quench the box fast. The box also has a glass/quartz window made with a microscope 

coverslip. The box can reach 250 °C within 2 min from the room temperature of around 25°C. 

The water circulation option rapidly quenches the temperature down to room temperature as we 

pump chilled water through it. The sample stage with the heating-cooling arrangement is placed 

very close to the window making it possible to observe the reaction under a microscope. The 

box was purged with nitrogen to create an inert environment during the reaction. A rough 

diagram of the box with its lid open is shown in Fig. 7.6 a and b. An actual photograph of the 

box and controller is given in Fig. 7.6c. The rapid heating and cooling capability of the box help 

to resume the reaction fast and also to quench the reaction immediately when needed. 

 

Figure 7.6: (a) and (b) are the diagrams of the home-built box used for the study, and (c) is the 

photograph of the home-built box and controller used for the experiment. 
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7.4.2 Growth inside the chamber 

To further explore the growth mechanism, we tried to observe the growth of nanowires from the 

raw solution under a microscope. For this, we diluted the raw solution in ODE/toluene and 

heated the solution on a SiO2/Si substrate. The dilution will reduce the concentration of 

compounds initially. But it will gradually increase as we heat the solution as some ODE or all 

of the toluene will vaporize. The vaporization rate would be higher due to the large surface-to-

volume ratio. Solutions diluted with toluene will reach the desired concentration much faster 

and the time of the start of reaction is greatly reduced but makes it difficult to do high-

temperature growth. Both methods, apart from the time taken for the reaction, gave us a similar 

result. After dilution, the solution was PL active for over a week and we did not observe much 

change in particle size or phase of CsPbI3 within a day, similar to observations made by others 

on both CsPbI3 and Br3.[40,41] Another concern with this method is the concentration of 

surfactants. As is known from recent studies that excess amines like oleylamine could induce 

the decomposition of crystals and excess oleic acid can cause it to revert to a tetragonal structure 

gradually.[15] Here such cases did not arise as the samples were diluted and the end products 

were indeed confirmed to be CsPbI3 in either cubic or δ-phase. There are other advantages to 

diluting the solution. The initial low concentration will give enough time to attain the 

temperature before the growth begins. It also reduces the density of particles allowing us to 

better visualize the growth. A schematic of the whole process is shown in Fig. 7.7. Depending 

on the composition of PbI2 and PbBr2 we can make QDs of desired composition. The solution 

is then diluted in toluene or ODE. A few drops of the solution are placed to a 1 cm X 1 cm 

SiO2/Si substrate kept inside the heater box. The box is sealed and is purged with nitrogen gas 

to create an inert atmosphere. The entire setup is kept under the microscope and the stage is 

taken to the temperature of interest and the growth is observed as it happens.   
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Figure 7.7: Various steps are involved in the in situ observation of the growth of nanowires 

under an optical microscope. By injecting freshly prepared Cesium oleate into the reaction 

mixture perovskite QDs are formed. Based on the composition of PbI2/ Br2 in the mixture we 

can get CsPbI3-xBrx. The varying composition of QDs gives different colors, as seen in the image 

above. The QD solution is then heated in an inert atmosphere under the microscope using the 

heater box, making it possible to observe the wires as they grow. 

 

7.4.3 Observed growth  

We used p++ SiO2 on Si substrates as it ensures efficient transfer of heat and provides a clean 

background, which helps to observe the reaction. Nanowires of different diameters and different 

lengths were grown by varying the temperature of the growth. The reactions proceed for about 

10-25 min before quenching it. We start observing the growth after 3-10 min of turning the 

heater on, the exact timing can vary depending on the temperature and concentration. The 

solution was diluted by adding one part of the raw solution with four parts of ODE/Toluene. 

This solution is left for a day so that the larger particles can settle down at the bottom. The 

supernatant solution, whose PL characteristics confirmed the presence of the photoactive 

perovskite phase, was taken for the nanowire growth. After the growth, we clean the substrate 

by dipping it in toluene followed by blow-drying. Nanowires of length up to 90 µm were grown 
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using this technique Fig. 7.8 a and b. The growth at lower temperatures is slow and forms shorter 

nanowires, Fig. 7.8d. At higher temperatures, the growth is faster and we obtain longer 

nanowires, Fig. 7.8 e and f. 

 

Figure 7.8: (a) Shows the optical microscopic image of nanowires synthesized at 230°C, (b) is 

the dark field image of the same, (c) shows the PL image of nanowire synthesized at 180°C, the 

excitation wavelength of the PL light source was 450 nm and a long pass filter of 505 nm was 

used to collect the light from the samples. The scale bars for all three are 50 µm. (d), (e) and (f) 

are FESEM images of CsPbI3 nanowires synthesized at different temperatures. 

 

Under the microscope, we often observed that at a particular temperature during growth, some 

particles started dissolving as nanowires grew nearby. The PL image QD solution before 

heating, shows a uniform red background (Fig. 7.9a and QD cluster and nanowires from the 

same region after the growth (Fig. 7.9 b and c respectively), it is clear that we do have QD 

clusters in their photoactive perovskite state, which are most likely in their cubic α phase, along 

with the δ- phase nanowires during the growth of wires. Fig. 7.9d shows the optical microscopic 

image of the liquid with no particles visible and as the solution was heated the QDs grew and 

started to form clusters (Fig. 7.9e) and after some time plenty of nanowires were observed (Fig. 

7.9f). One such representative result observed at 200 °C has been shown in Fig. 7.9g. Here it is 

evident that the QDs are dissolving, eventually disappearing, as the reaction proceeds.  Fig. 7.9g 

shows that these clusters began to dissolve while the wires grew as time progresses. After the 
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dissolution of the wires, we could see no red light-emitting QDs as can be seen in Fig. 7.2c. This 

shows that the QDs completely dissolved as the wires grew longer. 

 

Figure 7.9: (a) is the PL image of the QD solution with almost no particles visible under the 

microscope, except for very few clusters of QDs (cluster emits a very bright red due to the 

density of QDs), before the starting of the growth of wires inside the heater box. The QDs are 

only a few nm in size and hence provide a uniform red background, they are not resolvable 

under a microscope unless they form a cluster as can be seen from the image. Images (b) and 

(c) are the PL images of the same region focused on nanowire and QDs respectively. These 

wires are grown from the solution and stopped before all the QDs melt. This shows that there 

are clusters of photoactive QDs in the vicinity of the wires during the growth. Image (d) is the 

regular microscopic image of the liquid before the growth, focused at the edge of the substrate 

as no visible particles were present. Image (e) and (f) are images taken from the same region 

with an interval of 3 min during the growth. The scale bar in all the images from (a)-(f) are 50 

µm. (g) Shows the optical microscopic image of the growth of nanowires at different stages at 

200°C. The left corner shows the time at which the image is taken. Here we set the time of the 

first image to be taken as 0 s. As the reaction proceeds, we observe that a few clusters of particles 

are dissolving with the growth of the wire. The scale bar is 10 µm 
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7.4.4 The growth mechanism 

Recently the change of chemical potential energy concerning the particle size of α, γ, and δ 

phases of the CsPbI3 crystal structure has been computed using DFT.[12] The results of the 

paper showed that till 2.6 nm α phase has the least potential energy but above 5.6 nm δ phase is 

the most stable. Though in our system, the values might differ due to the interaction of 

surfactants, the general trend should be the same. The PL image of nanowires (Fig. 7.9 b and c) 

shows that there were still photoactive perovskite quantum dots present after the growth. This 

indicated that both α and δ phases of the CsPbI3 crystal coexist at this point of growth. But as 

the reaction proceeds the cubic phase QDs disappear leaving behind the δ phases nanowires.  

We tried to explain our observation by using size-dependent chemical potential and the general 

relation for crystal growth from a solution. The crystal will grow when the condition for super-

saturation is met. The super-saturation is equal to the difference in the chemical potential of the 

formation of the crystal and its chemical potential in the dissolved state. In short, the difference 

in chemical potential is 

∆µ = 𝑘𝑇 ln (
𝐶

𝐶0
) 

Here, 𝐶 is the real concentration and 𝐶0 is the equilibrium concentration. 

Initially, when we inject Cesium oleate, α-phase CsPbI3 is formed as it has a much lower 

chemical potential.  As the crystals continue to grow at the expense of smaller crystals some 

crystals might get converted to δ-phase. The exact mechanism as to why only a few crystals 

undergo the phase transition is not clear. It could be because of inset of some random defects in 

the crystal as it grows beyond a certain size. It is also possible that during initial nucleation few 

crystals were formed in the δ-phase due to the system being in a state of supersaturation 

sufficient for some crystals to nucleate in the δ-phase. We believe that the growth of the crystal 

happens in two stages. First, the initial difference in chemical potential of the two crystal types 

is large and thus it is easier for the cubic phase to form over δ-phase. Second, the chemical 

potential for the two crystal types reverses as the crystals grow and so does the stability.[12] 

After the reversal of chemical potential, the chemical potential is lower for δ-phase particles 

than α-phase particles. This causes the α-phase QDs to melt and nourish the growing nanowires. 

Initially, the orthorhombic phase grows directionally with the help of surfactants like oleylamine 
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into wires and the α-phase grows uniformly till the concentration of the solute drops below a 

critical point. At this point the crystals are large enough for their chemical potential to be 

reversed, that is it is now easier to form δ-phase. Once the Concentration of the solute drops 

below the equilibrium concentration of α-phase CsPbI3 the α-phase CsPbI3 will melt, this will 

help keep the concentration above the equilibrium concentration of δ-CsPbI3 and the nanowires 

keep growing at the expense of the α-phase CsPbI3. A schematic of the growth mechanism is 

given in Fig 7.10. 

 

Figure 7.10: Fig. 8. Showing schematic of growth of δ-CsPbI3 nanowires. At the time of hot 

injection, α-CsPbI3 is formed, and as the reaction proceeds and the particles grow at the expense 

of smaller crystals some get converted to δ-CsPbI3. Initially, all crystals grow in size with δ-

CsPbI3 growing directionally with the help of surfactants. As the reaction proceeds the 

concentration of solute in the solvent drops and α-CsPbI3 start to dissolve maintaining the 

concentration needed for the growth of δ-CsPbI3 which has a much lower chemical potential. 

 

7.5 Summary 
In this chapter, we successfully demonstrated that for an Oswald ripening mechanism of 

growth, it is possible to quench the reaction and resume it at a later time allowing us to check 

the growth under different temperatures efficiently. With this insight, we split the HI growth 

of CsPbI3 and a series of thorough characterization and experiments came to the conclusion 

that the nanowires of CsPbI3 inherently grow in the delta phase at the expense of cubic 

nanocrystals. 
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Chapter 8 

 
Water-based Photolithography on 

water-soluble CsPbBr3  

 
This chapter is an adaptation of the research article published in “” Adv. Mater. Interfaces 10 

2201749, 2023” 

 

8.1 Introduction 

 
The semiconductor chip manufacturing industry heavily relies on photolithography, a versatile 

technique used for processes such as etching, doping, and material deposition. However, the 

extensive use of water in photolithography poses challenges when working with water-soluble 

materials. Finding a suitable substitute for water in photolithography is a monumental challenge 

due to the significant water consumption in the fabrication of devices.[1,2] However novel 

emerging materials like perovskite have way too much potential in optoelectronic applications, 

including ease of synthesis, low trap state density, high optical absorption coefficient, low 

exciton binding energies, narrow emission peaks, tunable bandgap, high charge carrier diffusion 

lengths, and long charge carrier lifetimes.[3–8] These properties of lead halide perovskites have 

made it possible to achieve high performance in photovoltaics, LEDs, and radiation 

detection.[9–12] The integration of MHPs into existing technology is hindered by the inability 

to fabricate high-performance devices using traditional water-dependent lithographic processes. 

While bulk perovskite single crystals are suitable for large-area devices, their performance in 

optoelectronic applications lags behind their polycrystalline thin-film counterparts.[13] 

Fabricating devices on perovskite thin films is relatively straightforward, as it allows for the 

deposition of large electrodes without complex lithography processes. 
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 However, these films are often polycrystalline or composed of thin films of quantum dots with 

grain boundaries and defects that can affect their intrinsic properties and overall device 

performance compared to single-crystal films.[14,15]. Perovskite nanocrystals, with their direct 

bandgap, efficient light absorption, high defect tolerance, and high quantum efficiency, hold 

promise for nano/micro-device applications. Fabricating devices using single 

micro/nanocrystals is crucial for understanding their intrinsic charge transport properties at the 

nanoscale and achieving high-performance optoelectronic nanodevices. Traditional 

photolithography techniques dissolve perovskite materials due to their high solubility in water, 

leading researchers to explore alternative methods such as growth, spin coating, dry transferring, 

or drop-casting onto pre-patterned electrodes. [16–20] Depositing contacts onto the crystals 

using shadow masking or patterning using e-beam lithography. However, shadow masking faces 

challenges in precisely placing leads on a single micro/nanocrystal and lacks the flexibility of 

the photolithographic process. E-beam lithography has low throughput, is not cost-effective, 

and can damage hybrid perovskite materials.[21] Other approaches have used sacrificial layers 

etched by O2 plasma to deposit contacts, but plasma power can significantly damage the 

perovskite surface.[22–24] As  2D perovskites are gaining traction a non-invasive method to 

make devices on them could make a great difference.[25] So a method that could enable 

photolithography without damaging the crystal, will be a big step toward studying exotic 

properties of perovskite crystals like ferroelectricity, spin-orbit interaction, and their potential 

application in detectors, FETs, LEDs memory devices, and spintronics.[26–30] 

In this chapter, a technique that employed a sacrificial layer of polystyrene with suitable 

molecular weight to protect perovskite micro/nanocrystals is discussed. The hydrophobic nature 

of polystyrene effectively shields the samples from water. Additionally, it is easy to coat a thin 

layer onto the substrate and is readily soluble in organic solvents like toluene. This allows for 

the efficient removal of polystyrene while preserving the photolithography pattern. Leveraging 

these properties, we successfully fabricated high-performance devices using conventional 

photolithography techniques. 
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8.2 Drop casting vs deposition for device fabrication. 
Device fabrication plays a crucial role in the development of various electronic and 

optoelectronic technologies. One important aspect of device fabrication involves the use of 

metal contact to make connections with the semiconductor material, which serve as essential 

components for interconnection that allows us to test, understand, and finally use the materials 

for device applications. In this section, we compare drop casting of semiconductors onto pre-

existing metal pads and the deposition of metal pads directly onto the semiconductor substrate. 

We believe that the latter forms better contact as the deposition causes the metal to land on the 

entire surface as compared to drop casting, where a lot of things can hinder the semiconducting 

material from making good contact with the metal pads. Fig. 8.1a illustrates the reasons why 

drop casting is not a preferred method for making. The reasons are as follows: Firstly, there is 

no control over the crystal orientation, secondly as the solution dries it is more likely to leave 

behind some residue between the material and the pad. Lastly a good contact is only possible if 

both the surfaces are atomically flat. Deposition techniques overcome these limitation as we can 

control the orientation of pattern and as the deposition covers the entire material atom by atom 

it can overlook any debris or unevenness of the substrate as depicted in Fig. 8.1b.  

 

Figure 8.1: (a) schematic illustrating the limitations of drop casting for device fabrication. 
(b) schematic demonstrating how vapor deposition can overcome the challenges associated 
with drop casting. 
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8.3 Synthesis and characterization of CsPbBr3  
The CsPbBr3 crystals were synthesized using a simple solution growth method. We use, 460 mg 

PbI2 was dissolved in 1 mL anhydrous dimethylformamide and stirred at 70 °C overnight. The 

PbI2 solution was spun onto a cleaned glass/Silicon substrate at 1,000 rpm for 120 s, then 

annealed at 100 °C for 15 min. The PbI2 film was carefully submerged into a glass vial with 8 

mg/mL CsBr (99.999%) solution in methanol (anhydrous, 99.8%), with the PbI2 side facing up. 

The capped reaction vial was heated at 50 °C for 12 h, and the substrate was removed and 

washed in anhydrous isopropanol for 30 s followed by annealing at 50 °C as per the previous 

reports.[31] The supplementary figure, Fig. 8.2a, shows a FESEM image of the as-grown 

CsPbBr3 crystals. A variety of microcrystals of various morphologies, ranging from nanowires 

of various diameters and microcrystals of various dimensions, are formed. The XRD pattern of 

these crystals, (Fig. 8.2b), shows two peaks near 150 and 300 which shows the splitting of 

(020)/(101) and (040)/(202) peaks respectively in the spectrum which are characteristic of 

orthorhombic CsPbBr3 crystals.[32] To study the properties of a single crystal we scraped the 

crystals into toluene and this solution was drop cast onto a 300 nm SiO2 coated on a degenerately 

doped p-type Si substrate. The solution can be diluted to get isolated crystals of CsPbBr3 as 

shown in Fig. 8.2c or can be concentrated to get denser coverage.  Fig. 8.2d shows the PL spectra 

of the crystal, which is around 540 nm with an FWHM of ~92 meV. The inset shows a PL image 

of the microcrystal shown in Fig. 8.2c. The XRD and the large PL emission with a narrow 

FWHM indicate high-quality crystal formation. The FESEM images also show crystals of very 

smooth surfaces. 
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Figure 8.2: (a) Shows the FESEM images of the CsPbBr3 crystals synthesized. The scale bar is 
5 µm. (b), is the XRD pattern of the crystals. (c), is an optical microscopic image of a CsPbBr3 
after drop-casting it into a 300 nm SiO2 on Si substrate. (d), is the PL spectra of the crystal and 
the inset image shows the PL image of the crystal in c. The scale bars in c and d are 20 µm. 
 

8.4 Solubility of CsPbBr3 and its effect on photolithography 

 
Perovskites like CsPbBr3 are extremely soluble in water, which makes it extremely hard to do 

photolithography on them. In Fig. 8.3a, conventional photolithography was performed using 

positive photoresists (see methods for details) on a drop-casted substrate with dense coverage 

of CsPbBr3. We developed the sample for the minimum recommended time of 40 sec and 

immediately blow-dried the sample without washing it with water. This ensured that the crystals 

come in contact with the developer/water for the least possible time. Even then the crystals in 
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the exposed part get etched off completely, whereas the ones under the unexposed parts survived 

as they were protected by the photoresist. To demonstrate how fast the water could dissolve the 

perovskite crystals, we kept a microscope coverslip on top of the sample and put a 200 µl drop 

of water on one end. As the water seeped in, we observed the etching in real-time as shown in 

the optical and PL images in Fig. 8.3b.  

 

Figure 8.3: (a) Optical and PL images of the CsPbBr3 crystals before and after conventional 
photolithography. The scale bar is 50 µm. (b) shows the optical and PL images of CsPbBr3 
crystals at various times as they come into contact with a very small amount of water. 

 

 

 



Chapter 8.  Water-based Photolithography on water-soluble CsPbBr3  

161 

  

 

An important factor is that the etching rate would depend on the concentration of CsPbBr3 

(solute) in the water (solvent). As the entire substrate contained CsPbBr3 and a very little amount 

of water surged into the gap between the coverslip and substrate, the concentration of the 

dissolved ions would be higher as the water reaches the crystals. This could slow down the 

etching a bit and different trials could give slightly different results. Nonetheless, the etching 

was so fast that the crystals dissolved within 1 -3 sec every time. This indicates that the etching 

rate when we dip the sample in the developer would be much higher as the developer contains 

a huge amount of water with no dissolved perovskite in them. As most of the developers used 

in photolithography are water-based, all water-soluble thin films will get destroyed during the 

developing stage. This makes it nearly impossible to do conventional photolithography in these 

samples. 

 

8.5 Sacrificial layer-assisted photolithography 
To tackle this problem, we coated the substrate containing nano/microcrystals with polystyrene 

as a sacrificial layer before coating the photoresist. The layer of polystyrene will protect the 

perovskite crystals during photolithography and can later be washed off in toluene leaving the 

photoresist pattern intact. The advantage of polystyrene is that it is highly hydrophobic and can 

be removed with ease using toluene without leaving any significant residues behind, which 

made it an excellent choice for transferring 2D materials.[33] The device fabrication on 

perovskite crystals, which failed the conventional photolithographic process, succeeded when 

our approach was used. A schematic of the steps involved in the process is shown in Fig. 8.4a. 

Fig. 8.4b shows the optical and PL images of the CsPbBr3 crystal of interest at various stages of 

lithography. The images of the intact crystal and the high PL from the crystal prove that the 

lithographic process did not do any damage to the crystal. 

The thickness of the polystyrene film and its molecular weight along with the spin coating of 

the photoresist are crucial for the successful fabrication of the devices. The polystyrene is 

slightly soluble in the photoresist solution and can create pinholes if not done properly (Fig. 

8.5a), which could adversely affect the lithographic process.  
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Figure 8.4: (a) shows a schematic of all the steps involved in our photolithography process. (b) 
is the optical and PL images of CsPbBr3 crystals at various stages of device fabrication. The PL 
and optical images clearly show that the device fabrication was successful and did not damage 
the crystal. 
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Lower molecular weight polystyrene would inevitably cause pinholes to form in the protective 

coating while a higher molecular weight one will be harder to remove. The thickness of the film 

also determines its survivability during photoresist coating. A thicker film is more resistant to 

pinhole formation during lithography, whereas a thinner film is easy to remove in toluene after 

the lithography. We found out that for crystals with thickness less than 1 micrometer 2-4 % 

polystyrene in toluene by weight is sufficient to protect the crystal and thus used a 4% 35 K 

molecular weight polystyrene (4% is more reproducible) in the toluene solution for protecting 

the crystals. The solution was spin-coated at a rate of 3500 r.p.m and annealed for 5 min at 120 

°C before the dynamic coating of the photoresist. 

After the coating of polystyrene, the sample is ready for undergoing conventional 

photolithography. The coating we use is apt to protect crystals up to a few hundred-nanometer 

thicknesses, however, to protect thicker crystals of a few micrometers in thickness it is important 

to optimize the coating thickness of the polystyrene film. Dipping the substrate in water after 

coating a suitable thickness polystyrene layer will eliminate all the thicker crystals and it can be 

used as an easy and highly efficient method to select thin crystals from a collection of crystals 

of various thicknesses (in our case we are left with crystals less than a micrometer in thickness). 

The coating of the photoresist should be done fast or dynamically as pinholes can emerge in the 

polystyrene film if the exposure time to the photoresist solution is prolonged. 

After the coating, we exposed the photoresist film and developed it. After developing the 

sacrificial layer of polystyrene is washed off in toluene by dipping the substrate in toluene for 

30 sec and is blow-dried. We discovered that for a coating using 4% solution, 25 seconds is 

sufficient to remove the polystyrene layer. However, the precise duration varies slightly, and by 

extending the period to 30 seconds, we improved the repeatability of the procedure. The 

polystyrene film gets etched in the regions where it is not protected by the photoresist. The 

washing of polystyrene for a longer duration can cause significant under-etching which could 

lead to crack formation, due to stress while blow-drying (Fig. 8.5). We then deposited 5 nm 

chromium followed by 75 nm gold contacts by thermal vapor deposition. The lift-off was done 

by dipping the substrate in acetone for 20 sec to etch most of the photoresist and then we soak 

it in toluene for an hour followed by sonicating it gently. We then dip it in acetone for 5 sec 

followed by washing it in IPA. Acetone can etch the crystals and thus is used only to wash 
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toluene off before dipping in IPA. 

 

Figure 8.5: (a) is the optical microscopic image of 2% polystyrene coated substrate after 

photoresist coating. A few large pinholes can be seen in the film. (b), is the optical microscopic 

image of a 4% polystyrene-coated substrate after photoresist coating exposure and development. 

The film is intact with little to no pinholes. (c), is the optical microscopic image of the substrate 

shown in (b), after polystyrene is washed off. Under etching can be seen by contrast and the 

under-etched part is marked by dotted lines. A few cracks also appeared on the film while blow 

drying as the supporting polystyrene layer was missing and gas pressure was a bit high. 

 

8.6 Devices of CsPbBr3 crystals 
To explore the quality of the as-fabricated device we measured their electrical response without 

any further processing (such as rapid thermal annealing or vacuum annealing). As can be seen 

in Fig. 8.6a, the dark current was very low and is limited by the lower limit of the current-voltage 

(I-V) measurement instrument (Keithley 2450 SMU). When the device was illuminated with a 

405 nm LED of 12 mW/cm2 power we observed 3 orders of magnitude enhancement in the 

current. The on-off current ratio (Ion/Ioff) and the responsivity (R) of the device can be found by 

the relations, 
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Ion/Ioff = Ilight/Idark 

and 

R = (Ilight-Idark)/(P × A) 

Respectively,[34] where, Ilight is the current under illumination and Idark is the dark current, P is 

the incident power intensity, and A the area of the device. This gives a current on/off ratio of 

366.4, and a responsivity above 3 A/W at 0.5 V bias was obtained in the wavelength range 

between 400 nm – 480 nm. This value of responsivity is high for an applied voltage of 0.5 V 

and is comparable to that of thicker orthorhombic crystal-synthesized in other works[32,35] and 

is better than multigrain detectors of CsPbBr3.[36] The non-Ohmic behavior of the device can 

be attributed to the Schottky barrier at the interface of Au and CsPbBr3. 

We can make devices on any substrate as demonstrated by fabricating one in a flexible 

polystyrene sheet. The metal deposition via photolithography will ensure good physical contact 

between the electrode and the crystal ensuring good device performance along with great control 

over the device geometry. Techniques like drop-casting, unfortunately, are a bit random and do 

not ensure great contact as debris or roughness of the surfaces could in turn affect the quality of 

the contact and hence the device performance. The excellent device performance indicates that 

our method of lithography on perovskite crystals or any other water-soluble microcrystals offers 

a reliable way of making high-quality nano/microdevices. 
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Figure 8.6: (a) is the optical microscope image of a device made on a flexible substrate. (b) is 

the I-V response of the device under dark conditions and illumination from a 405 nm LED of 

12 mW/cm2 output power. (c) is the time-resolved photoresponse of the device at 0.5 V bias. 

(d) is the Responsivity as a function of wavelength showing good photo-response for a wide 

range of wavelength. 

 

8.6.1 Contact material 

To explore the versatility of our technique for making other device architectures, we deposited 

asymmetric contact electrodes. Several applications required asymmetric contacts and it 

enhances the device performance.[37,38] Fabrication of asymmetric contacts generally requires 

two steps of photolithography and metal deposition. Though one can always place a crystal on 

top of prefabricated asymmetric leads, it is often difficult to transfer such crystals precisely, and 

until or unless both surfaces of the crystal and the contacts are atomically flat and are at the 

same level, it would be difficult to get good contacts by simply placing the crystal on top of 
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electrodes or vice-versa. Drop casting the samples are even worse as it is random and can also 

leave debris. The contact will be great only if the contact material is a 2D material or is done by 

any vacuum deposition which would ensure maximum contact area without leaving any gaps 

between the contact material and the crystal. Thus, to achieve a good asymmetric contact 

configuration on micro/nanocrystals it is imperative to use the lithographic technique. Thus we 

repeated our sacrificial layer-based photolithography technique and deposited gold and 

aluminum contact onto the crystal as shown in Fig. 8.7a.  

 

Figure 8.7: (a) is the optical microscope image of a device after two steps of lithography to 

deposit Gold and Aluminum contacts on it. (b) is the I-V response of the device under the 

illumination of a 405 nm LED light of 12 mW/cm2 intensity. The device now shows strong 

diodic behavior. (c) is the dark and photocurrent (illuminated with 470 nm LED at 15 mW/cm2 

intensity) of the device made with ITO contact. The inset shows the optical image of the device. 

(d) shows the time-resolved photoresponse of the ITO device at 1 V bias and 4.5 mW/cm2 

intensity of 470 nm LED. (e) shows the responsivity of the ITO device as a function of intensity. 

(f) is the responsivity vs wavelength graph of the ITO device. 

 

The asymmetric device had a very strong diodic behavior in the presence of light. The results 

clearly show that the method of photolithography can pave the way for contact engineering on 

perovskite and other water-soluble crystals. We also measured the electrical properties of the 

ITO fabricated device and found it was more or less ohmic and had excellent photoresponse and 

responsivity. The responsivity of the device was higher (14.7 A/W) at low intensity (0.75 



Chapter 8.  Water-based Photolithography on water-soluble CsPbBr3  

168 

  

 

𝜇W/cm2). The measured responsivity was found to be better with ITO contact than with gold 

and the contacts were Ohmic, suggesting ITO might be a better contact material for making 

high-efficiency perovskite optoelectronic devices. 

 

8.7 Damage to the crystal 
As the CsPbBr3 crystals have great thermodynamic stability the as fabricated device should be 

stable.[39] We verified it by studying 2 devices that were prepared two-month prior for a longer 

time. The device area was smaller as the crystals were smaller but their performance were more 

or less stable for over 1000 seconds. The minor decline in one crystal's performance and a slight 

increase in the other crystal's response could be attributed to the quality of the crystal (Fig.8.8). 

The crystals mainly come in contact with toluene and IPA both of which will not damage the 

crystal, thus retaining its properties such as PL. We observed no observable change in PL of the 

crystal after our lithographic process which is in line with this argument. Some reports suggested 

that conventional vacuum-deposited metal contacts could seriously damage the underlying 

perovskite crystal and could affect the PL of the crystal.[40] 

 

Figure 8.8: (a) and (b) Shows the photo-response of two similar devices with Au-Au contact 

measured after 4 months of fabrication. The nature of the devices varies slightly as we can see 

that the photocurrent in a slightly reduces with time whereas the photocurrent in (b) slightly 

increase with time, this shows that this nature of slight increment or decrement of photocurrent 

is sample dependent and is not due to the contacts. 

To see if our approach had damaged the crystal, we sonicated the devices in IPA to peel the 

contact materials from the crystal. Fig. 8.9a, shows the image of a crystal on which first a gold 
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contact pad was deposited covering part of the crystal then it was removed by sonication. The 

process did lightly quench the PL of the crystal, but the change was not significant and might 

have happened during sonication rather than during the deposition of metal contacts. To confirm 

this, we repeated the process on another device (having narrow contact pads and thus requiring 

less sonication time/power to remove it) and this time it showed no change in PL (Fig. 8.9d). 

We also performed AFM to check the change in surface roughness after the process and found 

no considerable change. The line scan across both regions showed no significant difference in 

roughness.  

 

Figure 8.9: (a) is an optical microscopic image of a relatively large flake on which a large 

pattern was deposited and removed by sonication. b is the PL image of the crystal in a, there 

is a slight change in PL intensity in the region where the metal was deposited. c is the AFM 

line scan along the marked region, free of debris, which shows a relatively smooth surface 

on both the deposited region, after removal of lead, and the undeposited region. The inset 

in c is the AFM image of the sample. d, is the PL image of the device of another device, 

after removing one of the leads by sonicating it in IPA. The inset is the optical microscope 

image of the device. The PL from the region where the lead has been removed shows no 

change which suggests that the crystal sustained no damage during the lithographic process. 

e and f are the optical and PL images of a CsPbBr3 device with transparent electrodes(ITO) 

deposited by sputtering. The PL image shows no change in intensity suggesting that sputter 

deposition also does not damage the crystal. 

To examine if the sputter deposition of contact materials can cause damage to the crystals, we 

made transparent flexible devices by depositing ITO on CsPbBr3 nanocrystals placed on a 
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polystyrene substrate (Fig. 8.9e). The PL image of the device (Fig. 8.9f) exhibited no observable 

quenching of PL  in the area covered by ITO contacts indicating little or no damage to the 

crystals[40]. These results showed that thermal deposition, sputtering or our device fabrication 

technique cause no damage to the crystals. 

We also demonstrated the effectiveness of our method for fabricating active devices on 

nanowires by fabricating devices on CsPbI3 nanowires. The nanowires of CsPbI3 were 

synthesized using the route we reported earlier[41]. But as the wires were in the delta phase one 

or two were not enough to generate signals in the detectable range of Keithley 2450. But the 

wires that were soluble in water, just like CsPbBr3, survived the lithography and thus 

demonstrates that our technique can also be used to make devices out of water-soluble 

nanowires. The FESEM images of the devices of CsPbI3 are given in supplementary materials 

Fig. 8.10. 

 
 

Figure 8.10: (a) and (b) are the FESEM images of devices made from CsPbI3 nanowires. This 

shows that the technique is applicable to nanowires too. 

 

8.8 Summary 

In this chapter, we have successfully developed a novel method for performing 

photolithography on water-soluble crystals, and we have applied this technique to fabricate 

electronic devices on CsPbBr3 crystals. Overcoming the challenges associated with 

photolithography on perovskite crystals represents a significant milestone in device fabrication, 

enabling the exploration of their unique properties and their potential applications in various 

fields, including detectors, FETs, LEDs, memory devices, and spintronics. Moreover, our 
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method facilitates the fabrication of asymmetric contacts on these crystals, providing additional 

flexibility in device design. As research in 2D perovskites gains momentum, our technique 

holds great promise for device fabrication and the study of fundamental properties, while also 

enabling the integration of these crystals into existing semiconductor chip manufacturing 

processes for novel hybrid devices. Furthermore, by employing a suitable sacrificial layer, this 

method can be extended to other water-soluble crystals and polymers, offering a versatile 

approach for fabricating high-efficiency micro/nanodevices using such materials. 
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Chapter 9 

Ferroelectric CsPbBr3 Nanoplatelets 

 

9.1 Introduction 

Ferroelectric materials are a lucrative class of materials due to their ability to store and maintain 

electric polarization, which has enabled their application in various fields such as catalysts, 

sensors, memory devices, and actuators.[1–4] Although many ferroelectric materials have been 

discovered since their first discovery in Rochelle Salt, most of them are inorganic perovskites, 

such as Lead Zirconate Titanate (PZT) and Barium Titanate (BTO).[5]  Despite most 

ferroelectric materials being inorganic perovskites, the converse is not true.[6,7] Most 

perovskites, particularly oxide perovskites, have a non-polar structure at room temperature and 

pressure, which inhibits them from being ferroelectric. Similarly, all inorganic halide 

perovskites, such as CsPbBr3, share structural similarities to oxide perovskites and primarily 

exist in the non-polar phases, which lack ferroelectric nature. Despite lacking ferroelectricity, 

CsPbBr3 has emerged as a promising future semiconductor material due to its amazing optical 

and electrical properties [8][9] and poses the potential for a range of applications, including 

broadband detectors, quantum sensors, energy harvesting, and catalysis.[10–14] The 

incorporation of ferroelectricity in CsPbBr3 is expected to enhance its inherent properties and 

enable the development of innovative devices for energy harvesting and sensing. Therefore, the 

creation of a ferroelectric CsPbBr3 crystal could represent a significant step toward harnessing 

the full potential of this versatile material. 

Many methods were implemented to induce ferroelectricity into CsPbBr3 crystals such as 

alloying n-Butylamine and applying high pressure.[15–17] There have also been reports that 

CsGeX3 (X = Cl, Br, I) is the only class of inorganic halide perovskites to have a 

noncentrosymmetric crystal structure, which may lead to ferroelectric behavior.[18] However,  

Hongming Yuan et al. successfully demonstrated the existence of CsPbBr3 quantum dots in a 
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ferroelectric phase at room temperature and pressure.[19]  There exist a variety of approaches 

to synthesizing CsPbBr3 crystals, however, there is no reports on the synthesis of large-size 

crystals of CsPbBr3 in its ferroelectric phase. 

In this chapter, a novel solvothermal method to synthesize CsPbBr3 crystals is discussed. The 

method utilizes acids and peroxides to regulate the solubility of precursors in alcohol, 

facilitating the growth of CsPbBr3 crystals. The resulting crystals were two types with varying 

thicknesses: smaller area thick crystals and large area thin crystals. Notably, crystals with a 

thickness of less than 300 nm exhibited ferroelectric properties. The non-centrosymmetric 

nature of the crystals was confirmed by second harmonic generation (SHG) studies. Further 

electrical measurements suggested the presence of an anomalous photovoltaic effect, while 

piezoresponse force microscopy (PFM) studies confirmed the existence of ferroelectric 

domains. We anticipate that our findings will pave the way for new research on combining the 

remarkable properties of CsPbBr3 crystals with ferroelectricity. 

 

9.2 A novel solvothermal technique 

We discovered that the addition of a little peroxide like H2O2 can significantly improve the 

solubility of PbI2 in polar alcohols. Building on this discovery, we have developed a new 

solvothermal method to synthesize single-crystal CsPbBr3 nanoplates. The addition of organic 

acids to the alcohol solution containing H2O2 promotes the solubility of PbI2 and increases the 

lateral size of the crystals. 

 

9.2.1 Solubility of PbI2 

Reaction vials with 10 ml ethanol and 10 mg of PbI2 and 40 mg of CsBr with different 

combinations of organic acids and H2O2. A photograph of the vials is given in Fig 9.1. The first 

vial (E+O) shows the solution with just 50 µl octanoic acid added to it. There was no visible 

change in the color indicating no change in the solubility of PbI2. The second vial (E+H(0.02%)) 

shows the solution with 0.02% of H2O2 added to it. There was a slight change in the color 

indicating a minute change in the solubility of PbI2. The third vial (E+H(0.2%)) shows the 

solution with 0.2% of H2O2 added to it. The color change was much more visible (pale yellow) 
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indicating that PbI2 started to dissolve well in the solution. The fourth vial (E+O+H(0.2%)) 

shows the solution with added 0.2% H2O2 and 50 µl octanoic acid. There was a significant 

change in the color (deep orange) indicating a good solubility of PbI2 in the solution. The 

addition of inorganic acids such as HBr and other organic ligands such as amines also improves 

the solubility of PbI2, but the photoluminescence and size of the crystals are not as good as the 

ones made using organic acids. A comparison of the size and PL intensity from the crystals 

synthesized using various acids and amines are given in tables 9.1 and 9.2. The solubility of 

PbI2 improves significantly in the presence of H2O2. The color of the solution can vary 

depending on the solubility of PbI2 and is a very good indicator of the solubility of PbI2 (Fig 

9.1). If PbI2 remains insoluble, the reaction mixture will stay transparent, while a highly soluble 

PbI2 solution can cause the solution mixture to appear deep red 

 

Figure 9.1: Different reaction vials with different combinations of peroxides and acids after 3 

hrs. on a hot plate at 50 °C. The color difference indicates the difference in solubility of PbI2 in 

different solutions. 
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9.2.2 Growth of CsPbBr3 nanoplatelets 

A schematic of the growth is shown in Fig 9.2 a. The growth is accomplished by mixing 100 µl 

of H2O2 (3 wt% in water) with 10 ml of Ethanol in a glass vial, followed by the addition of 10 

mg of PbI2 and 40 mg of CsBr. A substrate is placed in the solution to collect the as-grown 

CsPbBr3 crystals in the glass vial and 50 µl of Octanoic acid is added to enhance the growth. 

The vial is then sealed and heated on a hot plate between 45 – 65 °C causing both CsBr and PbI2 

to dissolve slowly. The ion concentration gradually increases over time, reaching an optimal 

concentration for the nucleation and growth of CsPbBr3 crystals. As the crystals grow, they 

settle onto the substrate and continue to grow. After 3 – 4 hrs the growth is complete and the 

substrate with the crystals is washed in anhydrous IPA followed by blow drying with nitrogen 

gas and heating at 50°C. 

 Fig 9.2b displays an optical microscopy (OM) image of the as-grown sample, revealing crystals 

with lateral dimensions in the range of a few tens of micrometers. The FESEM images depicted 

in Fig 9.2c demonstrate that some crystals have stacked on top of one another, which aligns with 

our proposed mechanism. To further substantiate the growth mechanism, we introduced two 

substrates into the reaction vial, as illustrated in Fig 9.2d. Crystals were observed exclusively 

on the upward-facing sides of both substrates, while no crystals were observed on the sides that 

were facing down. Elimination of the gap between the substrates by stacking one substrate on 

top of the other resulted in the absence of crystals on the covered substrate, thus validating our 

proposed mechanism of crystals settling onto the substrate.  
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Figure 9.2: Growth of CsPbBr3 nanoplatelets.  (a) schematic of the growth mechanism involved 

in the solvothermal process. (b) is the optical microscope image of the synthesized CsPbBr3 

nanoplatelets, produced using the new technique described in (a). FESEM image of the samples, 

showcasing crystals that overlap on top of each other is shown in (c). (d) shows the schematic 

demonstrating the deposition of CsPbBr3 crystals on multiple substrates. 
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9.2.3 Reaction with other combinations of alcohol mixtures 

The reaction was also carried out using other combinations of acids and amines. A comparison 

of the size of the crystals and their PL are given in table 9.1 and 9.2. The addition of organic 

acids, inorganic acids, Amines, and Amides into the H2O2 added alcohol all improved the 

solubility. However, only certain combinations produced large crystals with good PL intensity. 

As can be seen from the table the size of the crystal is better for Methanol and Ethanol and is 

poor for Isopropyl-Alcohol (IPA) for all organic acids used. For inorganic acids, amines, and 

amides both the PL and size of the grown crystal go down. Whereas Organic acids retained good 

PL. We chose ethanol and octanoic acid for further study as this combination gave good results. 

 

Table 9.1. Size of the crystals grown using different acids/ligands 

 

 Octanoi

c acid 

Oleic 

acid 

Hexanoic 

acid 

Oleyl- 

amine 

Octyl- 

amine 

HBr 

Methanol V. Good V. Good Good Average Average Poor 

Ethanol V. Good V. Good Poor Average Average Poor 

IPA Poor Poor Poor Poor Poor Poor 
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         Table 9.2. PL of the crystals grown using different acids/ligands 

 

 Octanoic 

acid 

Oleic 

acid 

Hexanoic 

acid 

Oleyl- 

amine 

Octyl- 

amine 

HBr 

Methanol V. Good V. Good V. Good Poor Poor Poor 

Ethanol V. Good V. Good V. Good Poor Poor Poor 

IPA V. Good V. Good V. Good Poor Poor Poor 

 

 

9.3 Characterization of the as-grown crystal 

The crystal structure and composition of CsPbBr3 crystals were investigated using XRD, EDX, 

HRTEM, and SAED. The XRD pattern of the CsPbBr3 crystals was compared with the ICSD # 

97851 as depicted in Fig 9.3a. The XRD showed strong diffraction peaks that can be assigned 

to the pure orthorhombic crystal structure, without any impurity peaks (such as CsBr or PbI2). 

The clear splitting of (002)/(110) and (004)/(220) peaks in the spectrum indicate that the as-

grown CsPbBr3 crystals are in the orthorhombic phase and have large crystalline 

domains.[20,21] 

The SEM image in Fig. 9.3b, highlights the existence of two distinct types of crystals. The first 

type comprises thin crystals with lateral sizes of a few tens of micrometers and is of such 

thinness that the shades of the crystals underneath them are visible in the SEM image (thin 

crystals). The second type is crystals with lateral sizes of a few micrometers that have a thickness 

of a few micrometers (bulk crystals). The difference in aspect ratios of the crystal indicates that 

the growth of the two crystals was different as the thin crystal preferred lateral growth and the 

thick crystal more or less grew uniformly as compared to the thin crystal. These findings suggest 

the possibility of a difference between the two crystal types. Both crystals are identified as being 

in the orthorhombic phase, as indicated by the absence of impurity peaks in the XRD pattern. 
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EDS elemental mapping, shown in Fig 9.3c indicates a uniform distribution of Cs, Pb, and Br 

in both crystal types. 

 

Figure 9.3: (a) the XRD of the as-synthesized crystals which match with the peaks of 

orthorhombic CsPbBr3. (b) Shows the FESEM images of both thin and thick crystals of different 

aspect ratios. (c) is the EDS elemental maps showing Cs (red), Pb (green), and Br (yellow) of 

the sample shown in the SEM image in (b). 

 

To analyze the crystal structure of the thin crystals we transferred the crystals on to a carbon-

coated TEM grid. The bigger crystals were too thick for the beam to pass through and hence we 

focused on smaller crystals as they were thin enough and allowed the e-beam to pass through 

them. The HRTEM image of typical crystal in Fig. 9.4 showed lattice fringes at an angle of 90° 

with a spacing of 5.9 and 5.8 Å, corresponding to the (002) and (110) planes of orthorhombic 

CsPbBr3.[19] The FFT pattern analysis indicates that the synthesized crystals are single 

crystalline and have an orthorhombic phase, which agrees with the XRD pattern. 
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Figure 9.4: EDX spectra of CsPbBr3 showing a Cs:Pb:Br ratio as 1:1:3. 

 

The crystals' composition was determined using EDX spectroscopy, which closely matches that 

of the CsPbBr3 (with a Cs:Pb:Br ratio close to 1:1:3) as can be seen in supplementary Fig 9.4. 

The composition of the crystal along with the other characterizations points to the crystal being 

CsPbBr3 in its orthorhombic phase. 

The reflection conditions for the orthorhombic space group Pnma are indistinguishable from  

Pna21.[22] As a result, both crystal types will exhibit similar XRD and SAED patterns, implying 

that it is impossible to distinguish the two types based on these studies.[23] Historically this 

symmetry has led to the assigning of Pnma crystals in the Pna21 group which were later assigned 

back to the Pnma group.[24–27] Thus even if the crystals contain a mixture of both Pna21 and 

Pnma crystals, we would still get a purely orthorhombic crystal pattern. The observed difference 

in growth between the two crystal types could be attributable to this difference. This argument 

is supported by the report on the Pna21 CsPbBr3 crystals by Hongming Yuan et al.[19] 

 

9.4 Optical characterization of the crystals 

To distinguish between the crystals, optical microscopic techniques like microscopic 

photoluminescence, Raman spectroscopy, and second harmonic generation were used. Fig. 9.5a 

depicts the PL microscopic images of the as-synthesized crystals. The crystals exhibit a very 

bright green PL. The PL spectrum of the two crystals, bulk and thin, are shown in Fig. 9.5b. 

Slight PL variations exist among different samples, making it challenging to reliably 

differentiate between the two crystals based solely on PL characteristics. In the case of the 
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thinner crystal, the PL spectrum reveals the presence of two distinct peaks, while the thicker 

crystal exhibits a broader single peak. These two distinct peaks were previously documented in 

orthorhombic CsPbBr3 by Stoumpos et al. at 46 K and by Zhang et al. at room 

temperature.[28,29] Our observation of PL peaks at 530 nm and 543 nm, each with a full width 

at half maximum (FWHM) of 10 nm and 17 nm, respectively, aligns with the findings reported 

by Zhang et al. Notably, Zhang et al. attributed the 530 nm peak to free exciton emission, while 

the peak close to 550 nm was ascribed to bound-exciton emission. We suspect that the 

appearance of the two peaks has to do with crystal quality and cannot be used to distinguish 

between the two crystals. Generally, the thin crystals were more PL active than the Bulk crystals 

and this might explain why the PL from the thinner sample had two distinct peaks. 

 The Raman signal however was very distinct for the two crystals. The bulk CsPbBr3 crystal 

exhibits a distinct Raman scattering pattern with a strong signal at 82 cm-1 (assigned to the Bg1 

mode), a weak signal at 132 cm-1 (assigned to the A1g mode), and a very weak signal at 314 cm-

1 (corresponding to the second-order phonon Raman scattering).[30,31] These results suggest 

that the crystal is in the orthorhombic Pnma phase group. However, thinner crystals do not 

exhibit any distinct Raman scattering pattern. 

The Pna21 crystals groups are non-centrosymmetric and only non-centrosymmetric crystals are 

capable of producing second-order nonlinear optical interactions.[32] Thus SHG studies can be 

used to distinguish them from the centrosymmetric Pnma crystal group. The SHG studies were 

performed using a Ti-Sapphire Laser (operating at 140fs, 80 Hz), with an excitation wavelength 

of 810 nm.  We grew the crystals on a microscope cover slip and excited the thin and thick 

crystals with the laser. The thin crystals generated an SHG signal at 405 nm whereas the thick 

crystal gave no SHG (Fig. 9.5d). This suggests that only very thin crystals are in the non-

centrosymmetric Pna21 group. The exact relation between the crystal thickness and SHG signal 

needs further study. 
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Figure 9.5: (a) PL images of the crystals grown show very bright green emission when excited 

with 465 nm. (b) the PL spectra obtained from bulk and thin crystals demonstrate distinct 

emission characteristics. In the thin crystal, two distinct peaks are observed, whereas the bulk 

crystal exhibits a single broader peak. (c) is the Raman from the two samples of different 

thicknesses. The thick samples show Raman peaks corresponding to the Pnma phase group 

whereas the thin nanoplatelets do not show any Raman signal in the given range. (d) SHG 

spectra from the two crystals when excited with an 810 nm femtosecond pulsed laser. The thin 

nanoplatelets gave SHG signal whereas the thick samples generated no SHG signal, suggesting 

that the bulk crystals are centrosymmetric whereas the thin crystals are non-centrosymmetric. 

 

An interesting observation was made during the SHG experiments. To eliminate the possibility 

of low power causing the absence of SHG, we conducted an experiment by increasing the laser 

power. Surprisingly, the thick crystals showed no SHG signal, despite the higher power. 

Conversely, when studying thin crystals with the same experimental parameters, a strong SHG 

peak was observed. However, the higher laser power led to damage in the thin crystal. 
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Intriguingly, even thick crystals with lateral dimensions measuring tens of micrometers failed 

to show any SHG signal even when the accumulation time was increased to more than thrice 

that was used for thin crystal. 

 

 

Figure 9.6: (a) is the OM image of the thinner crystal that got damaged under the laser and (b) 

is the OM image of the thicker crystal that showed no SHG even when accumulation time was 

increased to 10 seconds showed no visible signs of any damage. 

 

9.5 Electrical characterization of the crystal 

To explore the electrical properties of the Pna21 crystals, active devices were fabricated using 

the lithography technique reported earlier.[33] The technique is well suited for thin crystals and 

the ITO leads were deposited on a crystal that had a greenish appearance (Fig. 9.7a). The dark 

current of the device was in few femto-Amperes and exhibited current peaks similar to the 

ferroelectric switching current in ferroelectrics (Fig. 9.7b). A maximum Voc of around 0.4 V 

was observed when illuminated with a 470 nm LED with an intensity of 10 mW/cm2 (Fig. 

9.7c). The transient photocurrent response of the device at 0 V bias by switching 470 nm LED 

on and off periodically also exhibited good photocurrent generation is shown in Fig. 9.7d.  
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Figure 9.7: (a) Optical microscope image of the CsPbBr3 nanoplatelet device used for the 

measurement. (b) Shows the dark current measurement on the device under test exhibiting I-V 

hysteresis loop similar to ferroelectric switching current. (c) is the photocurrent I-V scan of the 

device when illuminated with an LED of 470 nm excitation having 10 mW/cm2 intensity. The 

device showed a Voc of nearly 0.4 V. Time-resolved photoresponse of the device at 0 V bias is 

shown in (d). The device generated significant photocurrent when the LED is turned on even at 

0 V bias. 

 

The photocurrent vs. wavelength scan of the device indicates that photocurrent is generated in 

the crystal if the incident wavelength is 550 nm or lower as seen in Fig. 9.8 a and d).  

The on-off current ratio (Ion/Ioff) and the responsivity (R) of the device were calculated using 

the relations, 

Ion/Ioff = Ilight/Idark   and   R = (Ilight-Idark)/(P × A) 

 Respectively.[34]  

Here, Ilight is the current under illumination and Idark is the dark current, P is the intensity of the 
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incident light on the device, and A is the area of the device. The Dark current measured using 

the electrometer gives a current on/off ratio of 106, and a responsivity above 0.3 A/W at 0 V 

bias in the wavelength range between 350 nm – 530 nm (Fig. 9.8 b and e). This value of 

responsivity increases to above 3.5 A/W at 1 V bias in the wavelength range between 350 nm 

– 520 nm and is comparable to that of thicker orthorhombic crystal-synthesized in other 

works.[20,33,35] and is better than multigrain detectors of CsPbBr3.[36] 

The detectivity is given by  

D = R × ((2eIdark)/A)-(1/2) 

Here, e is the charge of an electron.[34] The device's low dark current, in conjunction with its 

impressive photocurrent generation, results in a detectivity that is remarkably high. For a broad 

range of spectra (ranging from 350 nm to 530 nm), this detectivity is on the order of 1014 Jones 

at 0V bias and 1015 Jones at 1V bias (Fig. 9.8 c and f). 

 

 

Figure 9.8: (a), (b), and (c) shows the photocurrent vs wavelength. The responsivity vs 

wavelength, and the detectivity vs wavelength of the device at 0 V. (d), (e), and (f) shows the 

photocurrent vs wavelength, The responsivity vs wavelength, and the detectivity vs wavelength 

of the device at 1 V respectively. 
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9.6 Piezoresponse Force Microscopy 

The optical and electrical studies point towards the ferroelectric nature of the CsPbBr3 crystals. 

Ferroelectric domains are present in a ferroelectric material and thus to validate the presence 

of ferroelectric domains in CsPbBr3 crystal, we utilized piezoresponse force microscopy and 

spectroscopy.[37] For this, we grew CsPbBr3 crystals on top of an ITO-coated glass substrate 

using our growth technique. Thin CsPbBr3 nanoplatelets with a thickness close to 300 nm were 

identified (Fig. 9.9a). To corroborate the ferroelectric nature of these domains, we analyzed the 

spontaneous polarization and its response to externally applied electric fields by utilizing 

switching spectroscopy PFM. The phase of the PFM response signal is correlated with the 

direction of the domain's polarization, and the amplitude of the PFM response signal is related 

to the local electro-mechanical response magnitude. The obtained hysteresis behavior in the 

phase of the PFM signal (Fig. 9.9b) shows nearly 180° switching of electrical polarization, 

supporting the presence of ferroelectric domains. 

Additionally, the butterfly-shaped loop in the amplitude of the PFM response signal (Fig. 9.9c) 

provides additional confirmation of the existence of localized ferroelectric domains. To provide 

additional evidence for the presence of ferroelectric domains, topographic, amplitude, and 

phase imaging of the crystals were taken ((Fig. 9.9d-e). The images confirmed the existence of 

localized ferroelectric domains, and the contrast variations in the phase image imply the 

presence of oppositely polarized domains in close proximity. 
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Figure 9.9: (a) shows the AFM topographic map of the crystal of interest (b) and (c) are the 

phase and amplitude switching spectroscopy loops of the crystal as a function of voltage. (d) 

shows the surface morphology of a small region of the crystal (e) and (f) are the PFM amplitude 

map and PFM phase map of the region shown in (d). The PFM mapping proves the existence of 

ferroelectric domains in the CsPbBr3 nanoplatelets. 

 

9.7 Summary 

In this chapter, we present a novel technique for synthesizing ferroelectric CsPbBr3, which 

demonstrates promising results with respect to its ferroelectric properties. The synthesis 

approach involves a simple, low-temperature, and cost-effective solvothermal method, which 

produces crystals with very low dark current in few femtoamperes. The thin nanoplatelets of 

CsPbBr3 exhibited ferroelectric behavior and the self-powered devices made from them 

exhibited a very high detectivity of 1014 Jones. To gain a comprehensive insight into the 

structural and functional properties of CsPbBr3, XRD, Raman spectroscopy, HRTEM, PL, 

SHG, electrical measurements, and PFM measurements were performed. The PFM 

measurements clearly established the presence of ferroelectric domains. The results shown in 

this chapter suggest that ferroelectric CsPbBr3 could become a valuable addition to the 

scientific community's repertoire of advanced technologies. Moreover, the growth method 
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proposed in this study could be applied to other similar materials for various technological 

applications.  
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Chapter 10 

 
Conclusion and future direction 

 
10.1 Conclusion 

 
In conclusion, this thesis has made significant contributions to the field of semiconducting 

materials and their heterostructures, with a specific focus on TMD monolayers and perovskites. 

The research began by providing a comprehensive introduction to semiconducting materials, 

emphasizing the potential of TMD monolayers and perovskites as promising candidates for 

future electronic devices. The exploration of various semiconducting heterostructures further 

highlighted their wide-ranging applications. Chapter 2 delved into the characterization 

techniques employed in this thesis to study the synthesized materials. Chapter 3 of this thesis 

presented a comprehensive account of the instrumentation employed throughout the research, 

highlighting the meticulous setup and the various homebuilt arrangements I had the opportunity 

to contribute to. The investigation in Chapter 4 explored the sensitivity of CVD growth of 

monolayers to flow fluctuations. This understanding was leveraged to develop a self-modulating 

effect that facilitated the controlled growth of monolayers under conditions favorable for bulk 

TMD growth. This novel approach holds significant promise for the synthesis of monolayers. 

Chapter 5 focused on the study of sodium silicate as a growth promoter for MoS2 monolayers. 

Through a comparison of growth and field effect mobility with conventional salt, the superior 

performance of water glass in synthesizing TMDs was demonstrated. The impact of strain on 

the optoelectronic properties of MoS2 was investigated in Chapter 6. The research revealed that 

strain induced by growing TMDs on textured substrates led to intriguing modulations in 

photoluminescence emission spectra. These findings contribute to the understanding of strain 

engineering in TMDs, opening avenues for the development of improved optoelectronic devices. 

Chapter 7 delved into the growth of CsPbI3 nanowires using the Hot Injection method. Through 

meticulous experiments, including in-situ observation using an optical microscope, the growth 
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dynamics and morphology control of nanowires were comprehensively studied, providing 

valuable insights into the growth mechanism of CsPbI3 nanowires in HI method. In Chapter 8, 

a novel sacrificial layer-assisted lithography technique was demonstrated, enabling the 

fabrication of electrical devices using water-soluble perovskite crystals and traditional water-

based photolithography. This innovative approach expands the possibilities for device 

fabrication in perovskite-based electronics. Lastly, Chapter 9 introduced a low-temperature 

solvothermal technique for growing CsPbBr3 nanoplatelets with large lateral dimensions and 

ultralow dark currents. The method also facilitated the synthesis of ferroelectric CsPbBr3 

platelets, possibly opening up new avenues for research. Overall, this thesis significantly 

contributes to the advancement of semiconducting materials and their heterostructures by 

investigating their properties, exploring novel growth techniques, and uncovering their 

optoelectronic capabilities. The findings and methodologies presented herein provide a solid 

foundation for future research and the development of innovative electronic devices with 

enhanced performance and functionality. 

 

10.2 Future Direction 

 
In semiconductors, the emergence of two-dimensional materials possessing dangling-bond-free 

surfaces and relatively weak van der Waals interactions has opened up new avenues for the 

assembly of high-quality heterostructures, alleviating the stringent requirement of lattice-

constant matching that has traditionally constrained conventional semiconductor epitaxy 

processes. Consequently, the generation of dislocations at the heterostructure interface has been 

significantly reduced.[1] 

Although monolayers of 2D materials exhibit extraordinary properties, such as exceptional 

mechanical strength and remarkable optical absorption coefficients, they suffer from a critical 

limitation: their ultrathin nature leads to minimal light absorption. Furthermore, the emergent 

properties observed in these monolayers tend to vanish at the bulk level.[2] [3] However, the 

formation of heterostructures comprising direct band gap materials, particularly lead halide 

perovskites, introduces a captivating opportunity to overcome these limitations and realize novel 

devices. Lead halide perovskites, known for their exceptional optical absorption coefficients, are 

a direct bandgap material even in bulk and can enhance the light absorption capabilities of the 
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heterostructures made with it.[4] 

At the heart of these heterostructures lies the atomic interface, which holds immense intrigue 

and promise. The atomic-scale arrangement and interaction between the 2D materials and lead 

halide perovskites present an intriguing landscape for exploration. The reasons behind the 

captivating nature of this atomic interface are multifaceted. Firstly, the distinct properties 

exhibited by each material create opportunities for synergistic effects and emergent phenomena. 

Additionally, the interface plays a crucial role in modulating the transport of charge carriers and 

excitons, impacting the overall performance of the heterostructure. Understanding and 

manipulating the atomic interface hold the potential to unlock novel functionalities and device 

designs with enhanced optoelectronic properties. 

In this chapter, we delve into the fascinating realm of heterostructures composed of 2D materials 

and lead halide perovskites. The chapter briefly touch upon the future direction of the work in 

this thesis, good progress has already been achieved in the transfer process for precisely 

transferring CsPbBr3 and 2D materials. We have already successfully made photodiodes and 

LEDs using this technique. The preliminary results from the devices are promising and we intend 

to do a thorough study of their device property. Herein, we will discuss some of the relevant 

achievements and introduce the preliminary studies done on these heterostructures. By 

combining a deep understanding of the materials' properties with innovative approaches to 

interface engineering, we aspire to pave the way for future advancements in the development of 

next-generation optoelectronic devices with unprecedented capabilities. 

 

10.2.1 Controlled Transfer of perovskite and TMDs 

A pivotal hurdle encountered in the creation of heterostructure devices is the complex issue of 

transferring 2D materials and perovskite crystals. The process of transferring CVD-grown 

monolayer TMDs, for instance, is fraught with the risk of damage to the monolayer. 

Additionally, the transfer of perovskite crystals, given their solubility in a wide range of solvents, 

presents a distinct challenge that demands the development of a damage-free transfer technique. 

While traditional methods such as organic polymer-assisted transfer and hBN-assisted transfer 

have proven effective for 2D materials, their applicability to perovskites is limited.[5][6] The 



Chapter 10.   Heterostructures of CsPbBr3 and monolayer TMDs 

198 

  

 

techniques, such as washing off the polymer make it a monumental challenge in fabricating these 

intricate heterostructures. This challenge has been surmounted by some researchers who have 

successfully fabricated 2D perovskite heterostructures through a different approach: they opt to 

grow these crystals directly on the 2D material, thus bypassing the aforementioned issue.[7][8] 

However, this approach lacks control over orientation and sometimes the quality of the 

heterostructures could also be affected. Other strategies like drop casting also suffer from similar 

issues and are not suited to study a very clean device interface. 

We have recently tweaked the polymer-assisted transfer method to come up with a new protocol 

for a damage-free transfer technique to effectively transfer Perovskite and 2D materials. While 

the work is in progress a schematic of the same is given in Fig. 10.1. 

 

 

Figure 10.1: Common steps involved in the transfer techniques. 
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10.2.2 WS2 - CsPbBr3 micro-LED 

We used our fabrication protocol to assemble 2D perovskite heterostructures step by step. This 

gave us great control over the orientation and quality of the assembled samples. Fig. 10.2 shows 

the different stages involved in the assembly of a Graphene - CsPbBr3 - WS2 heterostructure. 

 

Figure 10.2: The transfer technique being implemented to make heterostructures of Graphene - 

CsPbBr3 - WS2 by assembling each layer at a time. 

 

The assembled heterostructures were then used to fabricate a micro-LED. The preliminary 

results of the micro-LED exhibit a strong diodic behavior as can be seen from Fig. 10.3 a. The 

corresponding electroluminescence from the device at an applied voltage of 3 V is given in Fig. 

10.3 b. There was a very strong emission from the device around 2.36 eV with an FWHM of 70 

meV. This corresponds to the bandgap of CsPbBr3 suggesting that most of the electron hole 

radiative recombination is happening in the perovskite material. Interestingly there is also an 
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emission at 2.02 eV corresponding to the band gap of WS2. We believe that this is happening 

because of the type-1 band alignment of the CsPbBr3 crystals.[9] A detailed study is needed to 

confirm this hypothesis and understand the underlying mechanism in detail. 

 

Figure 10.3: Preliminary results on WS2-CsPbBr3 heterostructure made using the transfer 

technique. (a) The dark I-V characteristics of the device. (b) The electroluminescence of the 

device with an emission at 2.36 eV (525 nm). (c) is the device geometry used for the 

measurement and (d) is the minor electroluminescence peak at 2.02 eV (613 eV) of the device. 

 

 

10.2.3 MoS2 - CsPbBr3 Photodiodes 

Similar to the Graphene - CsPbBr3 - WS2 heterostructure, we also fabricated Graphene - CsPbBr3 

- MoS2 heterostructure. The image of the as fabricated device cab be seen in Fig. 10.4 a. The 

CsPbBr3 - MoS2 heterostructure is a type-2 heterostructure and thus exhibits a diodic behavior 

under light illumination as can be seen from Fig. 10.4 b.[10] Due to the highly insulating nature 

of the perovskite crystal, which lacked any charge carriers, the device exhibited exceptionally 

low levels of dark current. Intriguingly, as the temperature decreased, the device's reverse 

saturation current increased. This increase in photocurrent at low temperature can be attributed 

to the phonon interaction of the crystal.[11] The forward current decreases with the decrease in 

temperature most likely because of the shift in knee voltage associated with decreasing 

temperature. The existence of an effective field is evident from the zero bias photoresponse of 

the device as seen in Fig. 10.4. d. 
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Figure 10.4: Preliminary results on MoS2-CsPbBr3 heterostructure made using the transfer 

technique. (a) The OM image of the device under test. (b) The I-V characteristics of the device. 

(c) is the device geometry used for the measurement. (d) is the zero bias photoresponse of the 

device at different temperatures. 

 

 

10.2.4 The research objective 

The primary goal of our research is to unravel the fundamental mechanisms underlying charge 

transfer properties and leverage this knowledge to design advanced optoelectronic devices for a 

wide range of applications. Our finely tuned polymer-assisted transfer method can help achieve 

damage-free transfer for the effective fabrication of various Perovskite - 2D material 

heterostructures. This technique offers precise control over their orientation and sample quality. 

The assembled heterostructures will be used to study various combinations and will ultimately 

help in deepening Our understanding of these heterostructures such as the nature of charge 
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transfer, the formation of interface, and ultimately the physics at play in these semiconductor 

junctions. As we delve into these results, we hope to gain a profound understanding of the 

mechanisms at play and leverage this knowledge to design superior optoelectronic devices for a 

multitude of practical applications. 
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