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SYNOPSIS 

Many researchers have been drawn to the world of two-dimensional materials due to the ground-

breaking applications of graphene in various fields, such as optoelectronic devices, energy-

conversion devices, chemical and biological sensors, and high-frequency electronic and optical 

devices. As a very stable material, graphene exhibits an immensely high thermal conductivity of 

about 5300 W m-1 K-1. This value strongly limits its electronic packaging applications and has led 

to a search for alternative 2D materials, such as hBN, black phosphorus, group 6, and group 10 

TMDs. The commonality between graphene and most 2D materials is that they are highly 

symmetric due to their isotropic lattice structure. Over the past decade, some experimentally 

reachable 2D materials have exhibited in-plane isotropic behavior. However, the evolution of 

black phosphorus (BP) in 2014 as an anisotropic material has pinned scientists to search for 

alternative materials that exhibit anisotropic behavior. Over and above the most investigated 

TMDs, some of the materials in the group 10 TMDs have been attracting increasing attention in 

the last few years because of their anisotropic behavior, which provides fertile ground for many 

applications. Due to many noble applications in various fields, group 10 TMDs (PdSe2, Pd2Se3, 

PdTe2, PdS2, PtSe2, etc.) are named noble TMDs (NTMDs).  

2D PdSe2 has sparked as the star NTMD due to its low symmetry puckered pentagonal 

structure, easily exfoliated, thickness tunable bandgap (0 eV to 1.43 eV), in-plane anisotropy 

similar to 2D black phosphorous, high carrier mobility, high air stability, direction-dependent 

physical properties, etc. Although 2D PdSe2 holds great promise for several applications, the 

controlled synthesis of monolayer and bilayer PdSe2 remains challenging. Various methods have 

been used to prepare layered PdSe2, although many thin-film deposition techniques have proved 

complicated when the coating of a large surface area is required. PdSe2 few layers have been 

obtained via mechanical exfoliation, self-flux, magnetron sputtering, direct selenization, molecular 

beam epitaxy, etc. 

 Chemical vapor deposition (CVD) is commonly used to obtain high-quality 2D materials. It 

enables precise control of the samples' composition, thickness, and morphology and has been 

widely used in the synthesis of TMDs, NTMDs, graphene, etc. The CVD technique is a versatile 

tool that provides large-area, single-domain sizes, chemical and structural uniformity, a protective 

surface coating, etc. In recent years, CVD has had a dramatic shift towards the manufacturing 
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industry. PdSe2 films using the CVD technique were grown with high growth temperatures (~480-

900 °C). Thus, when implementing flexible optoelectronic devices, growing 2D PdSe2 at lower 

temperatures remains challenging.  

Catalytic CVD growth with a pre-determined morphology is a promising way to control the 

layer number and the kinetics of nanostructures. Recently, catalysts such as reduced graphene 

oxide, nickel (Ni), sodium chloride (NaCl), and potassium chloride (KCl) salts have been 

employed for the controlled growth of TMDs. Among the catalysts, salts are efficient candidates 

for constructing an in-situ patterned structure and controlling the number of layers during CVD 

growth. NaCl salt has been widely used to catalyze the synthesis of TMDs due to the following 

unique features: (1) NaCl reduces reaction temperature significantly from very high (>1200 °C) to 

much lower (∼700 °C) value, (2) NaCl is highly water soluble, making them easily removable 

without any residue after the growth, (3) NaCl can assist an H2O-assisted polymer-free transfer 

technique. In the growth of PdSe2, the role of the NaCl catalyst in the CVD growth needs a 

thorough investigation. To the best of our knowledge, to date to transfer 2D PdSe2, poly methyl 

methacrylate (PMMA), polystyrene (PS), poly dimethyl siloxane (PDMS), and reactive etchants, 

such as KOH, and HF solutions have been used during the transfer process. However, due to the 

polymer residue, the polymer-assisted transfer techniques significantly degrade the properties and 

performance of ultrathin CVD-grown 2D PdSe2. Therefore, developing a polymer-free transfer 

strategy is highly desirable for CVD-grown 2D materials besides the limitations of using hazardous 

chemicals. 

This thesis presents a systematic study on the controlled synthesis of bilayer to multilayer 

PdSe2, dendritic PdSe2, and an in-depth understanding of NaCl and Pd catalytic growth 

mechanisms. A unique growth method is presented using a chemical vapor deposition (CVD) 

method to grow monolayer to multilayer PdSe2 as well as other NTMDs (2D PdS2, 2D PdTe2) on 

various substrates such as mica, quartz, Si, SiO2, glass, and on flexible substrate. Then, a 

systematic low-temperature Raman study was conducted to understand the phonon dynamics of 

the PdSe2 in the temperature range of 83–295 K, which revealed the anisotropic ratios to be 1.42 

and 1.28 for bilayer and few-layer PdSe2, respectively. We discover the phase evolution of Pd2Se3 

from the PdSe2 under the uniaxial tensile strain. This unique strain-induced phase modulation 

property enables the application of ultrathin PdSe2 as a future strain sensor. Two unique chemical 

etchant-free transfer techniques are also presented to transfer PdSe2 and various 2D materials. As 
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a new material in the TMD family, we then focused on PdSe2 applications in multiple fields. 

Surprisingly, PdSe2 revealed its great potential in SERS and Biosensing. We have investigated a 

benign thermally responsive method of scrolling bilayer PdSe2 into nanoribbons and unscrolling 

to form a sheet. We highlight the applicability of PdSe2 scrolls by encapsulating live cancer cells 

into the nanoscrolls, where Pd nanoparticles attack the cancer cells, leading to nuclear arrest and 

death.  

We believe these studies are significant in understanding the synthesis of NTMD materials, 

catalytic growth, scrolling and unscrolling of bilayer PdSe2, chemical reactive etchant free transfer 

method, and applications in the field of strain sensor, SERS, Cancer biology, foldable electronics, 

biosensing, and thermally active robots. The complete thesis work has been organized into seven 

chapters, as detailed below:  

 

Chapter 1:  

This chapter briefly introduces NTMDs and 2D PdSe2 with reported research on crystal structure, 

unique, extraordinary properties, different synthesis routes, and applications in various areas. It 

ends with stating the challenges in the research on 2D PdSe2 and the focus of the present thesis.  

 

Chapter 2:  

This chapter briefly introduces CVD synthesis techniques to synthesize 2D PdX2 (X: S, Se, Te) on 

various substrates. Using a chemical vapor deposition (CVD) method in a tube furnace system, 

monolayer to multilayer PdSe2 was grown on numerous substrates with and without pre-treatment 

of NaCl under a moisture-controlled gas flow. The growth results with different conditions were 

compared.  

 

1. Without NaCl pre-treatment: The CVD-grown samples with no NaCl pre-treatment 

show the conventional, irregular 2D PdSe2 flakes on different substrates such as mica, Si, 

quartz, and sapphire substrates with thicknesses ranging from 3 -13 nm.  

2. With NaCl pre-treatment: It results in dendritic PdSe2, b- directional growth. We have 

conducted salt solution-assisted CVD growth of bilayer (2L) PdSe2 on a freshly cleaved 
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mica surface, which involved two steps: (1) pre-CVD patterning and (2) post-CVD growth 

of 2L PdSe2 from the edge of the dendrite.  

3. Growth of NTMDs: Furthermore, we have tested the general applicability of this growth 

method by conducting the growth of other NTMDs (2D PdS2, 2D PdTe2). In 2D PdS2 and 

2D PdTe2, desired patterned dendrites could be grown, indicating the versatility of this 

technique. 

Additionally, we described the formation of the 2D PdSe2-Pd2Se3 atomic junction, which is 

responsible for very high SERS activity compared to the 2D PdSe2. Density functional theory 

calculation shows that the PdSe2-Pd2Se3 junction has a metallic property accountable for the high 

SERS sensitivity. The SERS spectrum of MB molecules at the PdSe2-Pd2Se3 region decorated with 

Pd NPs shows the highest enhancement factor. The mechanism of SERS enhancement is further 

explained through Finite element method (FEM) simulation and Raman mapping. 

We also studied different transfer techniques, including a method to fabricate PdSe2 with a water-

soluble NaCl sacrificial layer below. Then, PdSe2 can be transferred from the mica substrate to 

any other substrate by immersing the sample in a water bath and dissolving the NaCl sacrificial 

layer. The NaCl sacrificial layer effectively prevents cross-contamination between the substrates 

and maintains chemically clean surfaces after the transfer. Here, we have successfully transferred 

the as-grown PdSe2 from the parent substrate mica to any arbitrary substrate with the help of two 

transfer techniques: (1) H2O-assisted transfer and (2) Scotch-tape transfer.  

 

1. H2O-assisted transfer: The H2O-assisted transfer technique is much more convenient than 

the usual polymer-assisted transfer process. In this work, we took advantage of the presence 

of NaCl-salt and consequently adopted a water (H2O) assisted transfer technique that didn’t 

involve any polymer throughout the delamination process. A critical delamination process 

has been recorded for a clear demonstration of the efficacy of the transfer process, and it is 

indeed speedy (within a few seconds) and a facile technique. During this process, an H2O 

film bridges the PdSe2 layer to the inner edges of the mica and pulls it away from the mica 

surface. At the H2O/PdSe2 interface, the driving force originates from the out-of-plane 

shear, where the shear stress is normal to the PdSe2 surface. Due to the high surface tension 

of H2O (72 mNm-1), the thin PdSe2 film is successfully isolated and floated freely on the 

water surface. The H2O membrane stretches until the whole PdSe2 layer is lifted from the 
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mica surface. We have not used any polymer throughout the delamination process; thus, 

our process is contamination-free. The structural integrities of PdSe2 dendrite detached 

from the growth substrates were characterized and confirmed by Raman spectroscopy. 

Raman spectra of PdSe2 transferred on SiO2 show all the characteristic Raman modes that 

exhibit higher intensity than mica, indicating a high-quality transfer of PdSe2 and its 

adhesion with the SiO2 substrate. After transfer, the remaining PdSe2 is confirmed from 

the corresponding Raman spectra.  

 

2. Scotch-tape transfer: A piece of thermal release tape (TRT) was gently pressed onto the 

PdSe2/ substrate stack and mechanically peeled, delaminating the TRT/ PdSe2 stack from 

the growth substrate, causing the PdSe2 film to delaminate from the underlying growth 

substrate (mica). As the growth substrate has a NaCl sacrificial layer, during the transfer 

process, the NaCl layer below PdSe2 helps detach PdSe2 from the mica substrate and pull 

it away from the mica surface. The stack is then pressed onto the target substrate. 

Subsequently, 70 °C heat is applied, allowing for easy TRT removal and leaving behind 

the PdSe2 film on the target substrate. 

These two transfer techniques are significant for transferring various 2D materials without 

chemical residues. 

 

Chapter 3:  

This chapter presents a temperature-dependent Raman study, determination of the thermal 

conductivity and in-plane anisotropic ratio of low-temperature CVD-grown PdSe2 using 

unpolarized laser excitation. Herein, we present the low-temperature (250–290 °C) chemical vapor 

deposition (CVD) growth of an air-stable atomically thin PdSe2 layer and study its Raman 

temperature coefficients, anisotropy ratio, and thermal conductivity as a function of the layer 

thickness. Optical microscopy (OM), atomic force microscopy (AFM), and micro-Raman analyses 

confirm the growth of ultrathin sheet-like bilayer and ribbon-like few-layer PdSe2 on a mica 

substrate. A low-temperature Raman study has been conducted to understand the phonon dynamics 

of the as-grown PdSe2 in the temperature range of 83–295 K. This work opens up a new avenue 

for calculation of the anisotropic ratio without using a polarized laser, which is significant for 
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designing new functional materials. The temperature-dependent Raman data analysis revealed the 

anisotropic ratios to be 1.42 and 1.28 for bilayer and few-layer PdSe2, respectively.  

 

Chapter 4: 

This chapter presents a novel surface-enhanced Raman spectroscopy (SERS) application of 

dendritic defective PdSe2. SERS is a potent tool for identifying molecular species and has relied 

mostly on noble metal-based substrates to obtain a high enhancement factor. Here, we demonstrate 

that intrinsic defects in 2D PdSe2 dendrites grown at low temperatures (280 °C) act as hotspots for 

high SERS enhancement. We grow 2D dendritic PdSe2 with ample intrinsic defects to exploit it 

for SERS application. X-ray photoelectron spectroscopy (XPS) analysis reveals 9.3% outer layer 

and 4.7% interior Se vacancies. A detailed examination of atomic-scale defects revealed Se 

vacancy (VSe) coupled with Se–Pd–Se vacancy (VSe-Pd-Se) in monolayer PdSe2 and an array of line 

defects (Se vacancies) and nanopores in bilayer PdSe2 dendrites. Interestingly, our studies reveal 

that Se vacancy-rich PdSe2 gives rise to line defects that act like hotspots for SERS enhancement. 

Remarkably, the vacancy-rich dendritic PdSe2 shows a SERS enhancement factor >105 and can 

detect RhB at a concentration down to 10−8 M. We speculate that the topological line defects and 

the edge construction in PdSe2 dendrites act as metallic wire or edge, which is partly responsible 

for the high enhancement in the SERS signal. The high SERS sensitivity is explained based on 

multiple charge transfer processes combined with the predicted metal-like behavior of the defected 

2D PdSe2. This metal-like behavior is fully supported by the density functional theory calculation 

of the electronic density of states of the defective bilayer PdSe2, which remarkably exhibits 

metallic character.  

 

Chapter 5: 

This chapter particularizes the activity toward the scrolling and unscrolling of bilayer PdSe2. 

Controlled scrolling in response to external environmental stimuli, such as mild temperature 

compatible with biological systems, is yet to be demonstrated. Such controlled water-assisted 

scrolling is extremely difficult to achieve with graphene, TMDs, and NTMDs. Here, we show that 

thermal activation in an H2O environment can have a more marked effect on the behavior, leading 

to spontaneous sliding, tearing, and peeling of PdSe2 from the mica substrate. The PdSe2 
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nanoscrolls (PSNS) are formed from the edges of the bilayer PdSe2 sheet. The catalytic conversion 

of bilayer PdSe2 into PSNS via Pd nanoparticles and unscrolling into sheet structures are fully 

controlled under the H2O environment. The structures are characterized using spectroscopy and 

microscopy. We highlight its applicability by encapsulating live cancer cells, where Pd 

nanoparticles attack the cancer cell, leading to cancer cells' nuclear arrest and death.  

 

Chapter 6: 

In this chapter, we studied the strain-induced properties of PdSe2 and discovered the phase 

transition from PdSe2 to Pd2Se3. While the exfoliation of almost all layered materials results in a 

monolayer with the same atomic geometry as its bulk counterpart, the exfoliation of PdSe2 presents 

a puzzle in a monolayer with a different nuclear geometry and a new stoichiometry, Pd2Se3, which 

is a fusion of two PdSe2 monolayers mediated by Se emission. PdSe2 is often transformed to 

Pd2Se3, which is discovered experimentally and computationally. Each phase has a separate and 

unique application as the band gap changes from indirect to quasi-direct. In addition, transfer of 

the ultrathin layer from a growth substrate to a desired substrate is essential for further use of the 

layer. Here, we develop a facile transfer method of the ultrathin film of the PdSe2 layer and 

subsequently study the phonon responses under uniaxial tensile strain. We discover the phase 

evolution of Pd2Se3 from the van der Waal PdSe2 layer under the uniaxial tensile strain of > 0.5 % 

in the case of water-assisted transfer and of > 0.2 % in the case of scotch tape transfer. The precise 

strain engineering can evolve the PdSe2 layer into a Pd2Se3 probed by Raman fingerprints.  

 

Chapter 7: 

This chapter summarizes the work done in the thesis. It highlights our contributions to studying 

the controlled growth of monolayer to multilayer 2D PdSe2, catalytic growth, phase change from 

PdSe2 to Pd2Se3 and their applications in the field of SERS, Cancer biology, strain sensor, and 

thermally active robots. Finally, the outlook for future studies on different NTMDs such as PdSe2, 

PdS2, and PdTe2 is presented. 
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Chapter 1 - Introduction 

Since the discovery of graphene and its pioneering applications in various fields, such as 

optoelectronic devices, energy conversion devices, chemical and biological sensors, and high-

frequency electronic and optical devices, many researchers have been attracted to the world of 

two-dimensional materials.1-3 As a very stable and conducting material, graphene exhibits an 

immensely high thermal conductivity of ~5300 W/m. K.4 This partly limits their applications in 

various fields and led to the search for alternative 2D materials, such as hBN, black phosphorous, 

and group IV-X TMDs.5-13 

 

Figure 1.1 Overview of metals and chalcogens associated with TMDs and NTMDS (adopted from Ref14) 

and their Optical images. 

The commonality between graphene and most other 2D materials is that they are mostly symmetric 

due to their isotropic lattice structure. Over the past decade, several experimentally reachable 2D 

materials exhibit in-plane isotropic behavior.15 However, in 2014, the discovery of black 

phosphorous (BP) as an anisotropic material pinned scientists to search for alternative materials 

exhibiting anisotropic behavior.16 This characteristic of BP ignites a new era of 2D materials with 
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low-symmetry structures and in-plane anisotropic properties. On this basis, they offer more 

affluent and more unique low-dimensional physics compared to conventional isotropic 2D 

materials, thus providing a fertile ground for novel applications, including electronics, 

optoelectronics, molecular detection, thermoelectric, piezoelectric, and ferroelectric concerning 

in-plane anisotropy. In this revolutionary track, noble transition metal dichalcogenides (NTMDs) 

provide a fertile ground for many applications.17-23 2D PdSe2, a relatively new member in the 

NTMD family, has outstanding properties such as high air stability, making it uniquely favorable 

for electronics, medical, energy, sensor, SERS, and artificial synapse applications. An overview 

of metals and chalcogens associated with TMDs and NTMDS and their optical images are given 

in Figure 1.1. 

 
 

 

1.1. Properties of PdSe2 

1.1.1. Crystal structure of PdSe2 

PdSe2 has an uncommon structure, where Pd atoms coordinate with four Se atoms, forming a 

square backbone network with two Se atoms at the top and two Se atoms at the bottom. The two 

Se atoms located in the top and bottom planes of the PdSe2 structure form a tilted Se-Se dumbbell 

crossing the Pd layer (shown in Figure 1.2), which results in the lack of rotational symmetry. 

PdSe2 adopts a puckered pentagonal structure with an orthorhombic lattice.24  

 

 

Figure 1.2 (a) Crystallographic structure of PdSe2. (b) The top and side views of the crystal structure of 

monolayer PdSe2.(Adopted from Ref20)  

Pentagons are usually treated as topological defects or geometrical frustrations. Bulk PdSe2 

crystallizes in an orthorhombic structure with space group Pbca, with a unit cell of a = 5.7457 Å, 
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b = 5.8679 Å, and c = 7.6976 Å. The 2D Se-Pd-Se layers are stacked by van der Waals (vdW) 

interactions, and one unit cell contains two PdSe2 layers.25 In each layer, Pd traces at the center of 

the square while Se occupies the vertices. The bond length between the intralayer Pd and Se atoms 

takes the value of 2.49 Å. 

 

1.1.2. 2D PdSe2 puzzle 

While the monolayer of almost all layered materials has the same atomic stoichiometry as its bulk 

counterpart, the monolayer of bulk PdSe2 is not PdSe2. The monolayer of PdSe2 has a different 

atomic stoichiometry similar to Pd2Se3, which is a fusion of two PdSe2 monolayers. The formation 

of the Pd2Se3 monolayer has its roots in Se vacancies in the PdSe2 system. In most 2D layered 

materials, such as graphene and TMDs, the layers interact only through weak van der Waal forces, 

even in the presence of defects. In contrast, for PdSe2, Se vacancies reduce the distance between 

layers, causing the melding of two layers into one, resulting in the formation of the new atomic 

stoichiometry Pd2Se3 (Figure 1.3).26 

 

Figure 1.3 The Thinning down of graphene and MoS2 results in the exact stoichiometry as their bulk 

counterparts, whereas the thinning down of PdSe2 consequences a new stoichiometry 1L Pd2Se3 (Adopted 

from Ref26) 

 

1.1.3. Band structure of 2D PdSe2 

PdSe2 is one of these novel 2D noble-metal dichalcogenides known for its remarkable layer-

dependent electronic structure. Monolayer PdSe2 is predicted to be an indirect band gap 
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semiconductor with a band gap of 1.3 eV, while the bulk exhibits a band gap of 0.03 eV. The 1.3 

eV indirect band gap for a monolayer is quite close to its direct band gap of 1.43 eV, making it 

promising for optoelectronic applications. Similar indirect band gaps are observed in few-layer 

PdSe2 as well, indicating the intrinsic nature of this indirect band gap semiconductor. The valence 

band maximum (VBM) is located between the high-symmetry Γ and X points, while the 

conduction band minimum (CBM) is located between Γ and M points. The inset of Figure 1.4 

shows the rectangular shape of the first Brillouin zone of bulk PdSe2.20 

 

 

Figure 1.4 Band structures of bulk and monolayer PdSe2 (Adopted from Ref20) 

 

1.1.4. In-plane anisotropy 

2D PdSe2, a member of the NTMD family, exhibits in-plane anisotropy, which enables the unique 

electrical, optical, and thermoelectric properties of the material. Because of the anisotropic 

pentagonal structure, the electrical, mechanical, and optical properties of PdSe2 are also anticipated 

to exhibit in-plane anisotropy. For bulk PdSe2, only the Ag and B1g phonon modes with in-plane 

vibrations are Raman-active in the backscattering geometry. Polarization-resolved Raman 

measurements provide a non-destructive optical measurement for identifying the crystallographic 

orientation of the few-layer samples.  
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Figure 1.5 Polarization-resolved (a) Raman spectra, (b) optical reflection spectra of the 4L PdSe2 flake with 

polarization along a (red) and b (blue) crystallographic axes. (Adopted from Ref24) 

Figure 1.5a shows the Raman spectra acquired from a 2D PdSe2 in the z(xx)z̅ and z(xy)z̅ 

measurement configurations. Figure 1.5b shows the optical contrast spectra for the PdSe2 crystal 

with polarization along a and b axes. Linear dichroism occurs in the visible range from 500 to 700 

nm with an anisotropic ratio up to ∼1.5 at 600 nm.  

 

1.1.5.  Raman spectra of 2D PdSe2 

Raman spectroscopy is a non-invasive and powerful tool to characterize the crystal phase and 

structure and is an excellent approach to determining the layer number of various 2D materials. 

Through analyzing the Raman spectra in PdSe2, the layer number of a thin sample can be identified 

quickly, precisely, and non-destructively. The theoretical and experimental Raman spectra of the 

bulk to monolayer PdSe2 are shown in Figures 1.6a and 1.6b. The Raman spectrum of bulk PdSe2 

exhibits four distinct Raman peaks at ~143, ~206, ~222, and ~256 cm−1. These four Raman peaks 

will blueshift as the thickness decreases from multilayer to few-layer. Two additional
1

1A , 2

1A  

modes were observed in the 2L- 4L layer PdSe2. In 2L- 4L PdSe2, it is worth affirming that the 

Raman peaks in the low-frequency region 60-140 cm−1 vary considerably.20 The atomic vibrations 

of 𝐴𝑔
1 , 𝐴𝑔

2 ,  𝐴𝑔
3 , 𝐵1𝑔

1 , 𝐵1𝑔
2 , 𝐵1𝑔

3  Raman modes are illustrated in Figure 1.6c. It is interesting to point 

out that all of them mainly involve the vibrations of the Se atoms. 
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Figure 1.6 (a) Theoretical and (b) Experimental Raman spectra of PdSe2 from 1L to bulk. (c) Atomic 

displacements of six Raman modes in bulk PdSe2. (Adopted from Ref20) 

 

1.1.6. Defect-induced and phase transformation properties 

The unique puckered pentagonal structure of PdSe2 possesses imperfect rotational symmetry, 

resulting in high defect sensitivity, particularly Se vacancies, which facilitates the occurrence of 

different phase transitions.27 The natural cleavage surface of PdSe2 is never defect-free. Many 

interesting physical properties originate from the existence of various defects in the crystal.  Fu et 

al. reported top-layer Se atom vacancies, sublayer Pd atoms, and the intrinsic Pd and Se vacancy 

defects (Figures 1.7a, 1.7b), which induce defect states near the Fermi level.28 The reported 

nanoflakes comprised monolayer Pd2Se3 and bilayer PdSe2, inferring that monolayer Pd2Se3 was 

thermodynamically favorable in a Se-rich environment. (Figure 1.7c).29 Monolayer Pd2Se3 is more 

physically stable than monolayer PdSe2. Chen et al. reported the phase transition of the few-layer 

PdSe2 films to Pd2Se3 monolayers by heating to 350 °C at the in-situ heating holder loaded in 

STEM (Figure 1.7d).30 Figure 1.7e shows that the exfoliation of PdSe2 from bulk results in tri-

layer and bi-layer PdSe2. Unexpectedly, the monolayer PdSe2 changed its stoichiometry to Pd2Se3 

and has its roots in the vacancies in the PdSe2 system.26 Such a feature is absent in conventional 

TMDs: WS2, MoS2, and MoSe2. Further, Zuluaga et al. reported that the exfoliated PdSe2 changed 

its geometry to Pd2Se3, a fusion of two PdSe2 monolayers mediated by Se emission (Figure 1.7f).31 

A phase transformation from PdSe2 to Pd2Se3 for creating 2D striated lattice systems is revealed 

in Figure 1.7g; where controlled thermal annealing induces Se loss in few-layered PdSe2 which 

leads to PdSe2-x, which results in Pd2Se3.32 
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Figure 1.7 (a) Side view of the lattice structure of PdSe2 (b) STM topographic image of PdSe2 surface, 

where defects are outlined (Adopted from Ref28) ADF-STEM image showing the (c) as-grown sample 

consisting of PdSe2 and Pd2Se3 nanoflakes, where PdSe2 and Pd2Se3 are marked as orange dotted and 

green dotted rectangles, respectively. (Adopted from Ref29), (d) the phase transformation from a few-layer 

PdSe2 to monolayer Pd2Se3 with in situ heating at 350 °C. (Adopted from Ref30). (e) the few layers of 

exfoliated PdSe2 region, where the monolayer possesses different stoichiometry. (Adopted from Ref26) (f) 

STEM image shows two regions: PdSe2 bilayer and Pd2Se3 monolayer. (Adopted from Ref31). (g) ADF-

STEM images show the intermediate phase transition states from PdSe2 to Pd2Se3. (Adopted from Ref32) 
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1.1.7. Other inherent properties 

Carrier transport characteristics and carrier mobility 

Field-effect transistors (FETs) based on TMDs have demonstrated high current on−off ratios and 

sizable carrier mobility.33 However, the reported mobility values are still far below the predicted 

intrinsic mobility,34 primarily due to poor metal contacts. PdSe2, owing to their predicted high 

carrier mobility (up to ∼103 cm2 V−1 s−1)35. FETs based on few-layer PdSe2 have shown high 

electron mobility (∼216 and∼158 cm2 V−1 s−1) 19,20 and high current on/off ratios, demonstrating 

their potential in electronic devices. PdSe2-based photo-detectors have revealed an ultra-broad 

band extending from visible to mid-infrared and unique anisotropic responses.36  

 

Air stability of PdSe2 

DFT calculations for the binding energies of physisorbed H2O and O2 on pristine monolayer PdSe2 

results appreciable electron transfers per adsorbed molecule from the surface.37 A pristine PdSe2 

device behaving n-type, after short-term (<160 h) ambient aging effect exhibits a decrease in n-

type conduction and increase in p-type conduction. The aging is arrested by placing it in vacuum 

condition, confirming the ambient exposure affects the electrical behaviour. Longer term aging 

(>430h) produces a complete suppression of the n-type conduction and an increase in the p- DFT 

calculations for the binding energies of physisorbed H2O and O2 on pristine monolayer PdSe2 

result in appreciable electron transfers per adsorbed molecule from the surface.37 A pristine PdSe2 

device behaving n-type, after a short-term (<160 h) ambient aging effect, exhibits a decrease in n-

type conduction and an increase in p-type conduction. The aging is arrested by placing it in a 

vacuum condition, confirming that ambient exposure affects the electrical behavior. Longer-term  

type conduction. This long-term aging is ascribed to a dissociative O2 chemisorption, where PdO2 

is formed. However, the PdO2 is volatile at low temperatures and thus can be sublimated with a 

low-temperature anneal. The sublimation of the PdO2 formed on the devices decreases the p-type 

conduction and restores some n-type conduction. Any short-term aging in PdSe2 devices in 

atmospheric conditions can be reversible. 

 

Mechanical properties 

The monolayer PdSe2 is a very ductile material. Large deformation causes nonlinearity of the 

strain−stress relation, and ultra-large deformation sometimes leads to plastic deformation or 
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fracture. Under large deformation, mechanical nonlinearity causes significant changes in Young’s 

modulus. The Young’s modulus for PdSe2 demonstrates a non-linear performance, meaning the 

Young’s modulus has a slightly reducing trend, representing the material softening property.23 

 

1.2. Synthesis of 2D PdSe2 

1.2.1.  Chemical vapor deposition 

Three-zone CVD  

The growth of 2D PdSe2 flakes were reported by an ambient-pressure CVD method in a three-zone 

tube furnace. Pd powder (35 mg) and Se powder (500 mg) were selected as precursors and were 

put in the central zone. The upstream zone of a three zones furnace, respectively, with the substrate 

in the downstream zone of the furnace (Figure 1.8). Argon gas of 600 sccm was filled to the tube 

furnace for 10 minutes to clean the O2 gas before heating. The temperature of the Se and Pd sources 

were kept at 450 °C and 815 °C, respectively. The reaction was conducted for 30 minutes with 90 

sccm. After the reaction was finished, the tube furnace was naturally cooled to room temperature.38 

 

 

Figure 1.8. Schematic of the CVD synthesis process for PdSe2 sheets. (Adopted from Ref38) 

 

1.2.2. Solution assisted CVD 

Instead of Pd powder as the Pd source, PdCl2 solution is used here. PdSe2 is synthesized using 

PdCl2 solution and Se powder as source precursors. PdCl2 is first dissolved in deionized water to 

form a saturated solution. The substrate is spread with the PdCl2 solution and then dried at 80 °C 

on a hot plate. The Se powder and the substrate were placed at the center of the quartz tube and 

heated to 300 °C to grow PdSe2 for 10 mins. 24  
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1.2.3. NaCl assisted CVD 

NaCl-assisted CVD has been widely used to synthesize TMDs due to the following unique 

features:  

(1) NaCl reduces reaction temperature significantly. 

(2) NaCl is highly water-soluble, making it easily removable without residue after the growth. 

(3) NaCl can assist a large area of growth.  

Powders of Se and PdCl2/NaCl (10 mg and 1 mg) were used as sources. Se powder (350 ℃) was 

put upstream, and PdCl2/NaCl powders (850 ℃) were placed in the center of the furnace with mica 

put above them as growth substrate (shown in Figure 1.9).39 

 

 

Figure 1.9. Schematic showing the NaCl assisted Synthesis of PdSe2 flakes on mica substrate by APCVD. 

(Adopted from Ref39) 

 

1.2.4. CVD on gold foil 

2D PdSe2 was grown on Au foils using a three-zone tube furnace under atmospheric pressure. 

PdCl2 power mixed with NaCl powder in a quartz boat was located at the center, and Se powder 

was located upstream of the furnace, with Au foils placed above the PdCl2/NaCl mixture. The 

temperature of the Se powder and PdCl2/NaCl mixture with Au foils were set at 400 °C and at 

850–900 °C respectively.40 

 

1.2.5. Self-flux method 

Bulk PdSe2 single crystals were grown by a self-flux method through melting stoichiometric 

amounts of Pd powder and Se powder. The palladium and selenium powder were mixed with an 

atomic ratio of Pd: Se = 1:2 and further compressed into tablets. The tablets were placed into a 

quartz tube sealed under 10−5 mbar. After that, the sealed quartz was set in a muffle furnace and 
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gradually heated in steps to the synthesis temperature of 1100 K. Then, it was held at this 

temperature for 78 h to grow PdSe2 crystal bulk. The PdSe2 nanosheets can then be obtained by 

exfoliating the PdSe2 bulk with the aid of an ultrasonic wave (shown in Figure 1.10).41 

 

 

 

Figure 1.10. Schematic showing the synthesis of PdSe2 flakes by self-flux method. (Adopted from Ref41) 

 

1.2.6. Mechanical exfoliation method 

Bulk PdSe2 was synthesized using self-flux and CVD methods. PdSe2 thin flakes were 

mechanically exfoliated from the bulk PdSe2 using blue tape, adhesive tape, and 

polydimethylsiloxane stamp.20,42,43 

 

1.2.7. Liquid phase exfoliation 

The preparation process is provided in Figure 1.11 and described as follows: 10 mg PdSe2 bulk 

powder is added into 100 ml of ethanol for soaking for about 96 hrs. The soaked solution is kept 

under ice-bath sonication for 24 hrs. Next, the suspension is centrifuged for 30 minutes at 5000 

rpm to attain a few-layered PdSe2 nanosheet dispersion.  

 

 

 

Figure 1.11. Schematic showing the synthesis of PdSe2 flakes by ultrasonication. (Adopted from Ref44) 

Finally, the dispersed PdSe2 nanosheets are mixed with 100 ml of 5 wt% polyvinyl alcohol (PVA) 

solution and placed in the ultrasonic cleaner for another six h to obtain a uniform PdSe2-PVA 

solution.44 
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Table 1.1. Summary of the important growth parameters, substrate used, thickness, advantages, and 

limitations of the discussed growth techniques. 

 

 

 

1.2.1. Sputtering 

The PdSe2 film was synthesized by a straightforward selenization approach. In brief, Pd metal 

layers were first deposited on Si substrate using a magnetron sputtering system. The as-deposited 

Pd films were placed at the center zone of the furnace. The base silicon was at a steady temperature 

of 500 °C during this process. The thickness of Pd is around 50.00 Å. The Pd beam was turned 

off, and the Se beam was turned on for 3 min 16 s in a steady state, which resulted in a Se film 
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with a thickness of around 10.00 Å. Finally, the substrate temperature was decreased to 120 °C, 

and then the Se beam was turned on under these conditions to grow a 10.00 Å thickness of Se 

stably. The pre-deposited Pd nanorods, as shown in Figure 1.12 on a Si(100) substrate, are 

transformed into PdSe2 nanotubes after selenization.45 Table 1.1. show a comparative study on the 

essential parameters, substrate used, thickness, advantages, and limitations of the above-discussed 

growth techniques. 

 

 

 

Figure 1.12. (a) Schematic showing repeatedly bombarded Si(100) substrate with argon-ion sputtering. (b) 

Top view of as-grown Pd nanorods and (c) PdSe2 nanotubes after selenization of Pd nanorods. (Adopted 

from Ref45) 

 

1.3. Transfer of 2D Layers to arbitrary substrates 

1.3.1.  PMMA-assisted transfer 

PMMA-assisted transfer process is commonly used to transfer PdSe2.46-48. The as-grown PdSe2 

layer on the mica substrate was transferred to a Cu grid. The following steps involve the transfer 

of the PdSe2 layer from the parent substrate to the required substrate using drop-casting of a 

PMMA solution and then immersion into KOH solution. 

(1) The PMMA solution is drop-cast onto the PdSe2 layer and then spin-coated at 1500 rpm for 60 

seconds.  

(2) The PMMA-adhered spin-coated sample is baked at 110 ℃ on a hot plate. 

(3) Next, the dried PMMA with the immovable spin-coated PdSe2 is immersed in KOH solution 

for 3 hours.  

(4) the PMMA-coated PdSe2 is dipped into a Petri dish containing distilled water to separate the 

PdSe2 film easily.  
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(5) Finally, the PMMA-adhered PdSe2 film is ‘fished’ onto a required foreign substrate. 

Subsequently, the PdSe2-supporting foreign substrate is dipped in acetone for 6 hours to remove 

the PMMA layer from the PdSe2 flakes.  

(6) In the end, it is dried for a few hours.  

This method is the most widely employed transfer technique. The PMMA residues and KOH 

solution partially damage the PdSe2 layer quality and hamper the device's performance. Therefore, 

the transferred samples must be verified to confirm they are PMMA residue-free and good quality 

for device fabrications and subsequent applications. 

 

1.4. Applications of 2D PdSe2 

 

Figure 1.13. Schematic diagram showing various applications of 2D PdSe2. 

 

The remarkable air stability of PdSe2 brings excellent advantages for practical applications, which 

is an advantage over many 2D materials suffering from fast degradation in the air. High carrier 

mobility19 (up to ∼103 cm2 V−1 s−1) makes PdSe2 a feasible candidate for many applications,  such 

as photodetectors, sensors, thermoelectric applications, field effect transistors, hydrogen evolution 

reactions, etc. (Figure 1.13) A few reported applications are highlighted in the following section. 
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1.4.1. Ultra-broadband photodetectors 

This section discusses the structure and performance of different photodetectors based on 2D 

PdSe2. Liang et al. reported a high-performance broadband photodetector based on a few-layer 

PdSe2. The responsivity is 7.08×102 A W−1, and the detectivity is 1.31×109 Jones under 1064 nm 

laser illumination.36 PdSe2 heterojunction-based photodetectors improve their performance in 

photodetection. Heterojunction can effectively suppress the dark current, which makes up for 

enhancing the detectivity of photodetectors. Ge nanocones (GeNCs) in heterojunction 

photodetectors can absorb photons more efficiently. PdSe2/GeNCs exhibit responsivity 530.2 mA 

W−1 and detectivity 1.45 × 1011 Jones under 1550 nm illumination.49 The PdSe2/pyramid Si 

heterojunction arrays, which are fabricated through simple selenization of pre-deposited Pd 

nanofilm, exhibit responsivity of 456 mA W−1 and a detectivity of up to 9.97×1013 Jones under 

980 nm illumination at zero bias.50 The PdSe2/Si nanowire array (SiNWA) based photodetector 

reaches a maximum responsivity of 726 mA W−1 and detectivity 3.19×1014 Jones. Notably, the 

PdSe2/Si NWA photodetector significantly responds to weak light signals with a broad spectral 

detection range from deep ultraviolet to mid-infrared.51 PdSe2/Si NWA demonstrated a high 

detectivity. 

 

1.4.2. Photodetection with orientation selectivity 

The pentagonal structure of PdSe2 results in anisotropic electrical transport behavior. The angular-

dependent behavior in the transfer curves is noticeably observed. To experimentally verify the 

electrical anisotropy of the PdSe2 flake, angle-resolved electrical transport measurements data are 

provided in Figure 1.14. Twelve electrodes in Figure 1.14a have a circular distribution with 

identical angles, and one pair of electrodes along the b-axis is defined as a 0° reference. The optical 

image of the PdSe2 device with a thickness of ~9.6 nm is displayed in the inset of Figure 1.14b. 

The Ids-Vds curves at different angles exhibit good Ohmic contact and angular dependence, proving 

the in-plane anisotropic behavior of the PdSe2 flake.52 
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Figure 1.14. Angle-resolved electrical transport measurement: (a) Schematic view of a device structure 

with six pairs of electrodes spaced at 30°apart. (b) Typical output curves at different angles between 

different electrode pairs; inset: the optical image of a few-layer PdSe2 device with a-axis and b-axis 

directions are labeled. (Adopted from Ref52) 

 

1.4.3.  2D PdSe2-based sensors 

Humidity sensor  

Due to the large surface-to-volume ratio of the 2D PdSe2 and the SiNWA, the PdSe2/SiNWA 

heterostructure device shows high sensitivity to the surrounding atmosphere's relative humidity 

(RH). The humidity sensing properties of the PdSe2/SiNWA heterostructure to different RH values 

from 11% to 95% in the dark and under 780 nm illumination, respectively, are shown in Figure 

1.15a. It is observed that a significant current response with good stability and repeatability is 

achieved at each of the RH values, where IRH and IDry are the currents of the sensor under humid 

and dry air conditions, respectively.51  

 

NO2 gas sensor 

The NO2 gas-sensing performance of the sensors based on PdSe2 film and the PdSe2/Si 

heterostructure is given in Figure 1.15b. Here, the sensors based on the PdSe2/Si heterojunctions 

with thicknesses of 2, 6, 8, 14, and 28 nm of PdSe2 are denoted as PdSe2/Si-2, PdSe2/Si-6, 

PdSe2/Si-8, PdSe2/Si-14, and PdSe2/Si-28, respectively. The response increases with the increasing 

NO2 concentrations from 0.1 to 5 ppm for PdSe2/Si-8. In PdSe2/Si heterostructure, p-type PdSe2 is 

contacted with n-type Si from the p−n type PdSe2/Si heterojunction.  
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Table 1.2. 2D PdSe2-based Sensors showing their corresponding response properties to different RH 

values. (Adopted from Ref51,53,49) 

 

 

The Fermi level of Si is higher than that of PdSe2; due to the difference in Fermi levels, when the 

two materials are connected, the electrons will diffuse from Si to PdSe2, forming a depletion layer 

in the interfaces of the two materials. When the PdSe2/Si sensor is exposed to air, the absorbed 

oxygen molecules can trap electrons from the PdSe2 surface. The sensor based on PdSe2/Si-8 

heterostructure exhibited the best response of approximately 7.2% toward 100 ppb NO2 gas.53 
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Image sensor 

 PdSe2/ germanium nanocones (GeNCs) hybrid heterojunction photodetector can record images, 

essential in optical areas such as cameras and fax machines. Using the setup shown in Figure 

1.15c, the PdSe2/GeNCs can record the simple “F” image projected to the image sensor, suggesting 

the promising application of the PdSe2/GeNCs heterojunction photodetector in future infrared 

optoelectronic systems.49  

 

1.4.4. Other applications 

PdSe2 photodetector shows high responsivity from the visible-infrared to terahertz (THz) region. 

In the visible-infrared region, the photogenerated electron-hole pairs in the PdSe2 body achieve 

high responsivities of 28 A W−1 at 405 nm, 4 A W−1 at 635 nm, 0.9 A W−1 at 1550 nm, and36 0.4 

A W−1 at 1850 nm. In the THz region, PdSe2 photodetectors achieved an efficient detection for 

THz waves under the assistance of hot carriers, with responsivities of 400 mA W−1 at 0.03 THz, 

20 mA W−1 at 0.10 THz and five mA W−1 at 0.24 THz. The incident THz radiation heats the 

carriers in PdSe2, and the metal electrodes act as the heat sinks, generating a temperature gradient 

distribution as a function of position along the channel (Figure 1.15).  

 

Figure 1.15. Schematic of the PdSe2-based photodetector under THz illumination. (Adopted from Ref54) 
 

High-resolution THz transmission imaging was also performed, illustrating the potential of fast 

and large-area imaging applications.54 PdSe2-based photodetectors are promising for applications 

in remote sensing, security checking, environmental monitoring, optical communication, etc. 

Table 1.3. summarizes of the applications/properties.of some reported PdSe2. 
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Table 1.3. A summary of reported PdSe2 applications/properties. 

Sample 

type 

Growth method Applications/pro

perties 

Key results Ref 

2D PdSe2 Selenizaton  PdSe2/n-Si 

heterojunction 

photodetector  

Responsivity ~ 300.2 mA W−1, 

specific detectivity ~1013 Jones 

55 

2D PdSe2 

/1D Si 

nanowire 

arrays  

Selenizaton  Broadband 

(Deep UV-Mid 

IR) 

photodetector, 

image and 

humidity sensor 

Responsivity of 726 mA W−1, 

specific detectivity of 3.19 × 1014 

Jones, response speed of 25.1/34 

μs, polarization sensitivity of 75  

51 

bilayer to 

few-layer 

PdSe2 

Atmospheric 

pressure CVD 

Field-effect 

transistors  

Electron mobility up to ~ 294 cm2 

V−1 s−1 

46 

Few-

layer 

PdSe2 

Mechanical 

exfoliation  

FET-based 

pressure sensor 

Conductivity switches between n- 

and p-type. 

42 

PdSe2 

nanoshee

ts 

Mechanical 

exfoliation  

Field-effect 

transistors  

n-type transistors  

Electron mobility ≈20 cm2 V−1 s−1  

56 

Few-

layer 

PdSe2  

Solid state 

reaction (850 

℃) 

SERS Enhancement factor of 105 for 

R6G 

57 

PdSe2 

nanoshee

t 

exfoliation Memristor Low-voltage resistive switching 

of PdSeOx/PdSe2 heterostructures  

58 

2D PdSe2 DFT Gas sensor NO2 sensing 59 

PdSe2 

Quantum 

dots 

Liquid phase 

exfoliation 

Photoluminescen

ce 

Excitation wavelength-dependent 

behaviors and large Stokes shifts 

60 

 

1.5. Tailoring defects in PdSe2 

However, the presence of defects in the as grown samples represents one of the main limiting 

factors for commercial applications. At the same time, PdSe2 properties are frequently tailored by 

defects. For example;  

1. The optical bandgap of non-defective 2L PdSe2 is 1.89 eV and that of defective 2L PdSe2 

is 1.55 eV. 

TH-3674_196153010



I n t r o d u c t i o n    | 20 

 

2. The monolayer PdSe2 has an indirect band gap of 2.25 eV, however after introducing Pd 

or Se defects, the band gaps are 1.45 and 1.91 eV, respectively. 

3. Se and Pd vacancies in PdSe2 can significantly improve HER performance than PdSe2 

without vacancies. 

 

1.6. Challenges in 2D PdSe2 research 

The constitutional unit of the pentagon instead of the hexagon endows pentagonal PdSe2 with 

distinctive properties as compared to common hexagonal 2D materials.  Although some vital 

progress has been made, more efforts are essential to accelerate the development of PdSe2 in many 

rapidly growing fields. 

1. The quality of 2D PdSe2 determines its properties and device applications. Synthesizing 

high-quality samples with decent control over the structural characteristics, including 

crystallinity, layer number, size, and phase, is still a challenge in 2D PdSe2. 

2. Massive production and wafer-scale growth are also vital for future practical applications. 

Strategies for preparing other NTMDs as well as the understanding of growth kinetics, 

selection of appropriate substrates, and precise control over synthesis parameters are still 

challenging. 

3. Engineering the defects, phase, and strain in 2D PdSe2 remains challenging. 

4. Black phosphorous (BP), an in-plane anisotropic material, has been reported as a very 

promising candidate in the biomedical field. However, poor stability in ambient conditions 

limits its applications. Due to the great air stability of PdSe2, it may replace the BP in the 

field of biomedicine; which needs plenty of research. 

5. 2D pentagonal magnets with critical Curie temperatures above room temperature can be 

potential candidates for quantum computing. PdSe2 with a pentagonal crystal structure is 

observed to possess anisotropic magnetoresistance.61 Combining magnetic properties, 

strain, and stress, 2D PdSe2 may find potential applications in smart structures, including 

nanoactuators, spintronic nanodevices, and nano-sensors, which are yet to be studied. 

6. Furthermore, the construction of heterostructures of PdSe2 may find cutting-edge potential 

in functional applications.  
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1.7.  Scopes and objective of the present thesis 

Although 2D PdSe2 holds great promise for several applications, the controlled synthesis of bilayer 

PdSe2 remains challenging. Therefore, the present dissertation started with the controlled growth 

of bilayer PdSe2, and mainly focuses on the following: 

1. CVD growth of bilayer PdSe2 without pre-treatment of NaCl and dendritic bilayer PdSe2 

with the NaCl pre-treatment.  

2. PdSe2 can never be defect-free; we exploit intrinsic defects in bilayer PdSe2 dendrites and 

PdSe2-Pd2Se3 junction towards Surface-enhanced Raman spectroscopy (SERS) 

applications.  

3. Estimation of in-plane thermal conductivity by non-destructive Raman measurement 

technique without the use of polarized lasers. 

4. CVD growth of other NTMDs: PdS2, PdTe2 on mica substrate.  

5. Phase evolution of PdSe2 by strain engineering. 

6. Scrolling and unscrolling of bilayer PdSe2 for selective killing of cancer cells via attacking 

filopodia. 

7. Polymer-free transfer techniques for 2D PdSe2 to arbitrary substrates. 

 

1.8. Organization of thesis 

The thesis work contains seven chapters.  

Chapter 1 briefly introduces 2D PdSe2 with reported research on crystal structure, unique, 

extraordinary properties, different synthesis routes, and applications in different areas. It ends with 

stating the challenges in the research on 2D PdSe2 and the focus of the present thesis. 

 

In Chapter 2, we discuss the successful synthesis of 2D layered PdX2 (X: S, Se, Te) on varieties 

of substrates by adopting a bottom-up chemical vapor deposition technique at relatively low 

temperatures (250-310 °C). Several structural and optical studies have confirmed the morphology 

of as-grown PdSe2 over a large area. We developed a novel low-cost salt solution-assisted catalytic 

growth of dendritic strictly bilayer PdSe2 and other NTMDs on mica substrate. The pinned contact 

line and electrostatic force play an important role in the dynamics and evolution of dendritic 

structure, which is catalyzed by NaCl. The orientation of the dendrite is primarily guided by the 

NaCl crystals and electrostatic forces between Cl- ions and K+ ions, Pd2+/ Na+ ions, and K+ ion 

cavities in a mica substrate. We develop a novel and facile growth strategy where a pre-patterned 
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edge Pd NP is a mobile microreactor in the thermal CVD process, favoring the continuous 

extension of bilayer PdSe2 dendrites. Utilizing the advantages of water solubility of NaCl, we have 

demonstrated a chemical etchant-free and large-area transfer of PdSe2 dendrites, which fully 

overcomes the limitations of the well-known PMMA-assisted transfer technique. The SERS 

spectrum of MB molecules at the PdSe2-Pd2Se3 junction region decorated with Pd NPs (~50 nm) 

shows significantly higher SERS enhancement. The mechanism of SERS enhancement is 

described with the help of FEM simulation and Raman mapping. A detailed analysis revealed a 

SERS enhancement factor of 3105, which is contributed by both EM and CM mechanisms. 

According to the FEM simulation, the EM enhancement is 5.546103 for Pd NPs on bilayer PdSe2. 

The attachment of Pd NPs at the PdSe2-Pd2Se3 junction further enhances the SERS signal for MB 

molecules due to the combined role of electromagnetic and chemical enhancement mechanisms.  

 

In Chapter 3, present the growth of ultrathin sheet-like bilayer and ribbon-like few-layer PdSe2 

on mica substrate with high chemical and structural uniformity. Temperature-dependent Raman 

studies have been carried out to understand the phonon-phonon interactions in the as-grown bilayer 

and few-layer (5-layer) PdSe2. In the case of as-grown bilayer and five-layer PdSe2 film, it ranges 

from -0.006 cm-1K-1 to -0.024 cm-1K-1. For 2D PdSe2, as layer number increases, the Raman 

temperature coefficient increases for 3

gA , 3

1gB  modes and decreases for 1

gA , 1

1gB  modes,  which is 

unique due to its ubiquitous in-plane anisotropy. CVD synthesized group VI TMDs have 

temperature coefficients from -0.0114 cm-1 K-1 to -0.0135 cm-1 K-1, where the variation is 

significantly less compared to our as-grown PdSe2. Layer thickness-dependent anisotropic ratio is 

determined through Raman studies, and the origin of lower anisotropic ratio for increasing layer 

number is discussed. Using the Raman spectroscopic measurement technique, we have estimated 

the thermal conductivity of bilayer and few-layer PdSe2. At room temperature, the estimated 

thermal conductivity is ~36.8 W/m. K and ~10.1 W/m. K for bi-layer and few-layer (~5L) PdSe2, 

respectively.  

 

In Chapter 4, demonstrated a simple low-temperature CVD synthesis technique to grow 2D PdSe2 

with attractive dendritic edges. The precise layer number and structure have been identified 

through AFM and Raman analyses. XPS analysis reveals about 9.3% outer layer Se vacancies, 4.7 

% inner Se vacancies, and 4.7% Pd vacancies in dendritic 2D PdSe2. In 2D PdSe2, two Se atoms 

in the top layer and two Se atoms in the bottom layer are joined by a tilted structure with one Pd 
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in-between. Se atoms cover the outer surface by forming a protecting layer to PdSe2. We addressed 

the high vacancies of upper Se atoms, and we know surface Se atoms can escape more easily from 

the TEM and AFM image analysis on various defects, edge geometry, and nanopores in dendritic 

PdSe2. Near-infrared (NIR) PL studies revealed a decrease in bandgap in monolayer and bilayer 

dendritic PdSe2, further supporting Se vacancies. In addition, an additional peak in the XPS 

spectrum confirms the presence of defects in PdSe2. It is shown that defects, nanopores, and edge 

geometry in dendritic PdSe2 act as trapping/binding sites for foreign atoms/molecules. These active 

sites and vacancies play a crucial role in the enhanced Raman signal of Rhodamine B.62 SERS 

signal associated photoluminescence of RhB/PdSe2 hybrid system confirms that the Se vacancy 

sites in defective dendritic PdSe2 act as hotspots for SERS of RhB molecule. The density functional 

theory (DFT) calculations show that including the Se-defect in the PdSe2 system alters its 

electronic behavior from semiconductor to metallic. The topological line defect of SeTLU (top layer 

upper Se atom) in PdSe2 in the presence of excess Pd behaves as a quasi-one-dimensional metallic 

wire, which is responsible for the high SERS enhancement. 

 

In Chapter 5, we delve deep into understanding the scrolling of bilayer PdSe2 and unscrolling 

using an external stimulus: heat. The nanoscrolls are formed from the edges of the bilayer PdSe2 

sheet. Controlled scrolling of PdSe2 in response to external environmental stimuli, such as mild 

temperature compatible with biological systems, has yet to be demonstrated. Such controlled 

water-assisted crolling is extremely difficult to achieve in the case of other 2D materials such as 

graphene, TMDs, and NTMDs. Here, we show that thermal activation inside an H2O environment 

can have a more marked effect on the behavior, leading to spontaneous sliding, tearing, and peeling 

of directly CVD-grown PdSe2 from mica substrate. The PdSe2 nanoscrolls (PSNS) are formed 

from the edges of the bilayer PdSe2 sheet. The conversion of PdSe2 into PSNS via Pd nanoparticles 

and unscrolling into sheet structures are fully controlled under an H2O environment. The structures 

are characterized using spectroscopy and microscopy. We have observed that the PSNS tends to 

unscroll its free outer layer, which is helpful for cargo delivery under specific conditions. We 

highlight applicability by encapsulating live cancer cells, where Pd nanoparticles attack the cancer 

cell, leading to cancer cells' nuclear arrest and death.  

 

In Chapter 6, we investigated the uniaxial tensile strain-mediated evolution of new Pd2Se3 phase 

from the high-quality PdSe2 bilayer. To obtain stable bilayer PdSe2, we employ a two-step growth 
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method. To perform strain engineering on PdSe2, we have transferred it onto a flexible PET 

substrate after growth on a mica substrate. A scotch-tape assisted transfer technique is introduced 

to eliminate any unwanted effects by polymers. Using Raman spectroscopy, we have shown that 

bilayer PdSe2 can undergo phase transition into Pd2Se3 due to Se vacancies and interlayer fusion 

of two PdSe2 layers when subject to tensile strain. This phase transition arose in the case of 

polymer-free transfer methods like water-assisted and scotch tape-assisted transfer techniques. In 

contrast, the phase transition is unachievable in the case of polymer-assisted transfer techniques. 

Under the uniaxial tensile strain of > 0.5 % in the case of water-assisted transfer and of > 0.2 % in 

the case of scotch tape transfer, PdSe2 changes its phase to Pd2Se3. Further RTA analyses 

confirmed the transition of the PdSe2 phase to Pd2Se3 with the generation of new peaks at 157 cm-

1, 189 cm-1, 198 cm-1, and 212 cm-1.  

 

Chapter 7 summarizes the work done in the thesis and highlights its contributions to the study of 

bilayer PdSe2, the discovery of PdSe2 dendrite and PdSe2 nanoscroll (PSNS) for applications in 

the fields of SERS and cancer biology. Finally, we discuss the future scopes of PdSe2, PdSe2, and 

PSNS in the era of 2D materials. 
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Chapter 2 - Salt-catalyzed directed growth of bilayer PdSe2 

and Pd nanoparticle-decorated PdSe2-Pd2Se3 junction 

exhibiting high SERS sensitivity 

In this chapter, we advocate for NaCl as a catalyst underpinning the controlled growth of 2D PdSe2. 

A pre-patterned edge Pd NPs serves as a mobile microreactor in the thermal CVD process, favoring 

the continuous extension of bilayer PdSe2 dendrites. While the chemical stoichiometry does not 

change with a reduction in layer numbers for most of the 2D layered materials, the multi-layer 

Pd2Se3 in the NTMDs group changes its stoichiometry to PdSe2 in the bilayer form under Se-rich 

growth conditions. The experimental realization of PdSe2-Pd2Se3 junctions and their application 

in various sensing applications are yet to be explored. We introduce a NaCl catalyzed CVD growth 

of 2L PdSe2 dendrites and PdSe2-Pd2Se3 junctions on the mica substrate through the salt solution 

pre-treatment. The pre-treated structure triggers the formation of molten Pd-O droplets, which 

undergo a phase evolution from Pd NPs to Pd2Se3 (in Se-poor condition) to PdSe2 (in Se-rich 

condition). Remarkably, Pd NPs hotspots on PdSe2-Pd2Se3 junctions enable significant SERS 

enhancement with an enhancement factor (EF∼3×105), which is more than one order of magnitude 

higher than that of 2L PdSe2 to detect methylene blue molecules due to multiple factors, such as 

charge transfer and electromagnetic field enhancement. This is confirmed by DFT calculations and 

Finite element method (FEM) simulation, along with Raman imaging. The FEM simulations 

revealed an electric field enhancement factor of 5.546×103 for Pd NPs decorated bilayer PdSe2, 

and the remaining enhancement factor is expected to be contributed by charge transfer 

mechanisms. 
 

2.1. Introduction 

Two-dimensional (2D) materials are at the forefront of research due to their fascinating properties 

and diverse emerging applications. 2D materials exhibit a wide variety of morphologies, including 

dendritic, snowflake, and flower, similar to snowflakes and pine trees in nature. [1-6] Among these, 

dendritic morphology has attracted significant research interest due to its complex morphologies[7, 

8], unique synthesis mechanism[9-14], and, more importantly, highly sensitive edges[5]. In addition, 

these nanostructures are interesting because of their quantum confinement effect and space-

confined transport phenomena, which hold promise for potential applications in future 
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nanodevices.[15] In recent years, nanoscale dendrites have received much attention due to their 

efficient applications in the field of cancer research [16, 17], bioimaging [18, 19], catalysis [20-22], sensing 

[23, 24]. Understanding the dendrite formation mechanisms may enable fine control of the fractal 

morphology and enhance their properties. Theoretically, a plethora of growth dynamics have been 

explored, and many theoretical predictions have corroborated the intricate pattern selection rules 

in micro and macro-scale dendrites. [25-29] However, it is challenging to determine whether classical 

dendrite growth theories are applicable at the nanoscale due to the lack of proper information on 

the growth dynamics of the experimentally reported nanoscale dendrites.  

 

              Recent advances in the chemical vapor deposition (CVD) method have been utilized to 

synthesize dendritic transition metal dichalcogenides (TMDs) [14]. Over and above the most 

investigated TMDs, noble transition metal dichalcogenides [30, 31] (NTMDs: PdSe2, Pd2Se3, PdTe2, 

PdS2, PtSe2) have been attracting increasing attention in the last few years. 2D PdSe2 has sparked 

as the star NTMD due to its low symmetry puckered pentagonal structure, easily exfoliated, 

thickness tunable bandgap (0 eV to 1.43 eV), in-plane anisotropy similar to 2D black phosphorous 

[32], high carrier mobility, high air stability [33], direction-dependent physical properties, etc. 

Although 2D PdSe2 holds great promise for several applications, the controlled synthesis of bilayer 

PdSe2 remains challenging. Catalytic growth with a pre-determined morphology is a feasible way 

to control the layer number and the kinetics of a nanostructure. Recently, catalysts such as reduced 

graphene oxide [34], nickel (Ni) [35], sodium chloride (NaCl) [36, 37], and potassium chloride (KCl) 

[38] salts have been employed for controlled growth of TMDs. To our knowledge, there is no report 

on the catalyzed growth of bilayer PdSe2 dendrites. Among the catalysts, salts are efficient 

candidates for constructing an in-situ patterned structure along with control over the number of 

layers during the CVD growth. NaCl salt has been widely used to catalyze the synthesis of TMDs 

due to the following unique features: (1) NaCl reduces reaction temperature significantly from 

very high (>1200 °C) to much lower (∼700 °C) value,[39] (2) NaCl is highly water soluble, making 

them easily removable without any residue after the growth, (3) NaCl can assist an H2O-assisted 

polymer-free transfer technique. In the growth of PdSe2, the role of the NaCl catalyst in the CVD 

growth needs a thorough investigation. To the best of our knowledge, to date, the majority of the 

reported articles on 2D PdSe2 use poly methyl methacrylate (PMMA)-assisted transfer technique 

for post-growth transfer.[40-42] However, the post-growth transfer techniques significantly degrade 

the properties as well as the performance of ultrathin CVD-grown 2D materials due to the polymer 
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residue, such as PMMA, poly(bisphenol A carbonate) (PC), polystyrene (PS), and poly di-methyl 

siloxane (PDMS), and reactive etchants, such as KOH, and HF solutions used during the transfer 

process.[43, 44] Therefore, besides the limitations of using hazardous chemicals, the development of 

a water-based transfer strategy is highly desirable for CVD-grown 2D materials. 

 

2.2. Material and methods 

2.2.1. Growth of PdSe2 dendrites 

PdCl2 powder (99.999%), Se powder purchased from Sigma Aldrich, and NaCl powder (> 99.0 

%, Merck) were used for experiments without further purification. 7.6 ×10-3 mol L-1 PdCl2 was 

first added into 20 mL distilled water. Na2PdCl4 solution was prepared by mixing and dissolving 

3 mg of NaCl with the PdCl2 solution, which undergoes vigorous stirring (180 r/min) for about 45 

min at room temperature using a magnetic stirrer.  After ultrasonic irradiation of the final 

10.17×10-3 mol L-1 Na2PdCl4 solution for 3 hrs, the color of the solution turned from initial pale 

yellow to dark brown. This observation indicates the reduction of Pd (II) ions to palladium Pd (0). 

Then, pre-patterning of Na2PdCl4 is done with the support of a quartz mask with circular openings. 

The quartz mask was placed on a freshly cleaved mica substrate. Then, under heating conditions 

(heat at 50 °C on a hot plate), the as-prepared Na2PdCl4 solution was drop-cast in the circular 

opening area of the quartz mask. Na2PdCl4 solution on mica is heated at 50 °C on a hotplate for 45 

mins. Then, the pre-patterned mica substrate is placed inside a tube (quartz) furnace for CVD. 

Before the growth, the quartz chamber was cleaned by purging Argon gas (300 sccm) via a rotary 

pump. In the CVD process, the temperature of the center zone is ramped up to 500 ℃, and Se 

powder is kept at 1 cm away towards the upstream (temperature ~240 ℃) to vaporize the Se and 

transport it to the growth substrate (~240 ℃) with a carrier gas (Argon) flow (110 sccm) in a 

single-zone tube furnace with precise temperature control. The temperature profile is given in the 

Figure 2.1. This resulted in the growth of 2D PdSe2 dendritic structure on mica substrates.  
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Figure 2.1. Temperature profile for the CVD synthesis of PdSe2 dendrites 

 

2.2.2. SERS measurement 

Methylene blue (MB) water solutions were prepared, drop-casted over the CVD-grown dendrites, 

and kept for 30 minutes to soak the MB molecule completely. The drop cast sample was analyzed 

after drying. Micro-Raman spectroscopy (LabRam HR800, Jobin Yvon) with an excitation 

wavelength (λex) of 532 nm (Ar ion laser) was conducted to record the SERS spectra of MB on the 

2D PdSe2 dendrites and PdSe2-Pd2Se3 junction for comparison. A 100X objective lens focused to 

a spot size of 1 μm along with a laser power of 1.5 mW at the sample (which discards the possibility 

of laser heating-induced damage) was used for the Raman measurements. The acquisition time and 

accumulations were kept at 10 s and two, respectively, and 600 grating per mm was used for all 

the measurements. 

 

2.2.3. TEM sample preparation 

The as-prepared 2D PdSe2 dendritic samples were transferred to the TEM grid using a polymer-

free water-assisted transfer technique. The detailed transfer process and mechanism of the water-

assisted transfer technique are discussed later. 

 

 

 

 

TH-3674_196153010



S a l t - c a t a l y z e d  g r o w t h  o f  b i l a y e r  P d S e 2  | 34 

 

2.2.4. Characterization technique 

Field emission scanning electron microscopy (FESEM, Sigma, Zeiss) imaging has been performed 

for structural analyses of the as-synthesized dendrites. The thickness of the dendrites was evaluated 

via atomic force microscopy (AFM) (Cypher, Oxford Instruments) in non-contact mode scanning. 

The atomic resolution surface morphology of the dendritic PdSe2_Pd2Se3 junction has been 

confirmed by a transmission electron microscope (TEM) (JEOL-JEM 2010 operated at 200 kV) 

analysis. Micro-Raman spectroscopy (LabRam HR800, Jobin Yvon) with an excitation 

wavelength (λex) of 532 nm (Ar ion laser) was conducted to confirm the crystallinity and phase 

evolution across the dendrites. A 100X objective lens focused to a spot size of 1 μm along with a 

laser power of 1.5 mW at the sample (which discards the possibility of laser heating-induced 

damage) was used for the Raman measurements. The acquisition time and accumulations were 

kept at 10 s and 2, respectively, and 600 grating per mm was used for all the measurements. A 

charge-coupled device attached to the same system was used to collect the Raman scattered signals 

sent through a multimode fiber grating of 1800 grooves mm-1. X-ray diffraction pattern of PdSe2 

dendrites was collected in a standard XRD instrument (Rigaku RINT 2500 TTRAX-III, Cu kα 

radiation). 

 

2.3. Computational details 

We have carried out DFT based electronic structure calculations with the Quantum ESPRESSO 

software package by implementing the projector-augmented wave (PAW) method.[45] The Perdew-

Burke-Ernzerhof (PBE) functional in the generalized gradient approximation (GGA)[46,47] takes 

into account the exchange-correlation. A 30 Å vacuum space was created along the Z-axis to 

eliminate the interactions between the periodic layers. Brillouin zone samples were taken using a 

5×5×1 k-point grid, with a cut-off of 680 eV for plane waves. The D3 approach of Grimme was 

used to incorporate van der Waals interactions (DFT-D3).[48] The calculated lattice constant of the 

PdSe2 bilayer is found to be 5.75×5.87 Å, whereas the Pd2Se3 monolayer exhibits a lattice constant 

of 5.89×6.02 Å.[49] While constructing the PdSe2-Pd2Se3 junction, we experienced lattice 

mismatches of 2.95% and 0.5% along the X-axis. Accordingly, a PdSe2-Pd2Se3 junction was 

created with dimensions 17.76 Å × 22.00 Å × 30.00 Å for our calculations. 
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Electromagnetic FEM simulations were performed in a CST microwave studio design 

environment. A plane wave source of 532 nm wavelength was made incident on the nanoparticle 

along the negative Z direction, and PML (perfectly matched layer) boundary conditions were used 

along the Z direction. The boundary conditions for magnetic and electric fields were taken along 

the x and y directions, respectively. A tetrahedral meshing was employed to carry out the 

simulations. 

 

2.4. Results and discussion 

2.4.1. Growth on various substrates with and without pretreatment of NaCl 

Using a CVD method in a tube furnace system, bilayer (2L) PdSe2 was grown on various substrates 

with and without pre-treatment of NaCl under a moisture-controlled gas flow (for details, see 

supplementary information). The growth results with different conditions (without and with NaCl 

pre-treatment) were compared. For the CVD-grown samples with no NaCl pre-treatment, the 

conventional, irregular 2D PdSe2 flakes can be fabricated on different substrates. Figures 2.2 and 

2.3 demonstrate the AFM images and Raman spectra of as-grown, few-layer PdSe2 on a variety of 

substrates. 

 

Figure 2.2. AFM images of PdSe2 flakes on (a) Mica, (b) Silicon, (c) Quartz, and (d) Sapphire substrates 

without any NaCl treatment. 

Without NaCl treatment, there is an absence of directed growth (Figure 2.2). Figure 2.2 shows 

the AFM images of PdSe2 grown on mica, Si, quartz, and sapphire substrates with thicknesses 

ranging from 3 -13 nm, and the corresponding Raman spectra are shown in Figure 2.3. Next, we 

conducted salt solution-assisted CVD growth of 2L PdSe2 on a freshly cleaved mica surface, which 

involved two steps: (1) pre-CVD patterning and (2) post-CVD growth of 2L PdSe2 from the edge 

of the dendrite. In the primary stage of the pre-CVD process, ultrasonication of the Na2PdCl4 
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results in a color alteration of the solution from the initial pale yellow to a dark brown. This 

observation indicates the reduction of Pd2+ ions to Pd NPs, according to the mechanism proposed 

by Okitsu et al. [50] 

 

Figure 2.3. Raman spectra of PdSe2 on different growth substrates (without NaCl treatment): Mica, Si, 

SiO2, quartz, sapphire, Ge, and TiO2 showing the characteristic peaks of PdSe2. 

Subsequently, (Na2PdCl4+Pd NPs) solution was patterned at one corner of the mica substrate to 

give adequate space for dendrite growth. When the (Na2PdCl4+Pd NPs) solution on mica is heated 

on a hotplate, it results in anisotropy of surface tension and temperature gradient (due to variation 

in temperature from the center of the hotplate towards edges. The concentration gradient favors 

the tip growth, which leads to one-armed dendrite formation. 
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2.4.2. Contact angles on various substrates 

We have calculated the contact angles of (Na2PdCl4+Pd NPs) on varieties of substrates to better 

understand the substrate that is best suited for growth. The measured contact angles of 

(Na2PdCl4+Pd NPs) droplets on mica, Si, quartz, glass, Ge, and TiO2 substrates are 15°, 35°, 39°, 

42°, 53°, and 90°, respectively (see Figure 2.4)  

 

Figure 2.4. Contact angles of (Na2PdCl4+ Pd NPs) droplet on different substrates. 

 

 

Figure 2.5. Optical images show a non-dendritic pattern (after heating) of drop-cast PdCl2 without NaCl 

pre-treatment and a dendritic pattern of drop-cast PdCl2 with NaCl pre-treatment on a mica substrate. The 

scale bar is 5 m. 
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Among all the substrates, the mica substrate exhibits the highest wettability, inducing minimum 

contact angle, and it favors good growth compared to all others. Evidently, during heating, 

competitive four-armed dendritic growth occurred at the beginning (Figure 2.5). 

 

2.4.3. Mechanism for the pre-CVD growth of Na2PdCl4 with Pd NPs 

To better understand the dendritic path that depends on the temperature gradient, we have divided 

the growth of (Na2PdCl4+Pd NPs) dendrites into three zones of temperature (zone 1- 48 °C, zone 

2- 49 °C, zone 3- 50 °C) (Figure 2.6a). In zone 1, the four-armed dendritic growth occurs, and the 

side branching dendrites are affected by neighboring dendrites (Figure 2.6b). Due to limited space 

availability in the inter-dendritic region, some arms collapse and disappear. In zone 2, some 

parallel dendrites with similar orientations survive in the competition and block others (Figure 

2.6c). As the temperature increases, the 4-armed dendrite spacing adjusts with neighboring 

dendrites and grows steadily. As the evaporation proceeds, solute content increases, so the growth 

of dendrites is not affected by the flow much. The tip of the dendritic arm goes in the direction 

where it gets maximum velocity. In zone 3, mostly parallel dendrites are rapidly visualized. As we 

move from zone 1 to zone 3, one of the dendritic arms dominates and captains the growth. Zone 1 

behaves as the initiator of four-armed dendritic growth, which finally ends up with one-arm. As 

we can see in zone 3, there exist many long-branched parallel equi-spaced one-armed dendrites 

(Figure 2.6d, e) due to the availability of adequate growing space. Observing the sword-like 

morphology of the PdSe2 dendrites (Figure 2.6d, f) suggests the termination of dendrites when the 

precursor was entirely consumed. The terminated dendrite size matches well with a NaCl square 

(Figure 2.6f), mimicking the dendrite width. To confirm the composition of the edge particles in 

the dendrite, we have conducted EDX mapping, shown in Figure 2.6f, and the corresponding 

spectrum given in Figure 2.6g. Figure 2.6f shows the FESEM EDX mapping of a single dendrite; 

the corresponding Na, Cl, and Pd mapping analyses (red square of Figure 2.6f) indicate that most 

of the Pd NPs reside at the edge of the dendrites containing envelop of Na2PdCl4. EDX analysis 

suggests a new compound in the precursors, such as a Na2PdCl4 alloyed with Pd NPs (e.g., 

Na2Pd1+xCl4) (Figure 2.6g). Figure 2.6h shows a (Na2PdCl4+Pd NPs) droplet on top of the mica 

surface after cleaving. Due to the cleaving of the mica surface, 50% K+ ions remain on each cleaved 

surface.[51]  
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Figure 2.6. (a) Schematic illustration of various phases of pre-CVD dendritic growth of Na2PdCl4 with Pd 

NPs, (b) optical image of four-armed Na2PdCl4 dendrites at zone 1, (c) directional growth of Na2PdCl4 

dendrites in zone 2, (d, e) parallel patterned Na2PdCl4 dendrites in zone 3, scale bar is 1 m. (f) FESEM 

image (the color distribution represents Na, Cl, and Pd elemental distribution) of parallel PdSe2 dendrites; 

scale bar is 1 m. (g) FESEM EDX mapping of single Na2PdCl4 dendrite and the corresponding elemental 

Na, Cl, and Pd mappings. The scale bar is 1 m. (h) Top view of mica surface after cleaving and 

(Na2PdCl4+Pd NPs) droplet on cleaved mica surface. (i) Schematic showing the Marangoni convection 

inside (Na2PdCl4+Pd NPs) droplet, contact line pinning, and electrostatic attraction between droplet Cl- ion 

and mica K+ ion, Na+/Pd NPs, and K+ ion cavities finally leading to dendrite formation, and (j) the 

corresponding experimental observation. 

Figure 2.6i systematically describes the mechanism of dendrite formation and motion on the mica 

substrate. The corresponding optical and AFM images are shown in Figure 2.6j. The EDX 

mapping of parallel dendrites is shown in Figure 2.7. 
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Figure 2.7. (a) FESEM image of the parallel dendrites (pre-CVD) and (b-d) Corresponding EDX mapping 

of dendrites showing Na, Cl, and Pd. The scale bar is 10 m in each case. 

 

 

Figure 2.8. XRD pattern of pre-CVD dendrites, showing peaks of both (a) Na2PdCl4, (b) Pd NPs before the 

CVD growth, (c) Na2PdCl4 and (d) Pd NP standard JCPD cards. 
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The XRD analyses on the reaction products are given in Figure 2.8. XRD analysis reveals that the 

resulting compound of dendrite (pre-CVD) contains Na2PdCl4 and Pd NPs. Predominantly, the 

motion of precursors results from the competition between interfacial surface tensions of the 

solid/liquid interface 𝛾1 (at the hot end), liquid/gas interface 𝛾2 and solid/liquid interface 𝛾3 (at the 

cold end),  𝛾3 > 𝛾2 > 𝛾1 initiates a drag force on the droplet, leading to the Marangoni flow of 

precursors toward the mica substrate's colder end, forming a contact line (Figure 2.9).  

 

 

Figure 2.9. Digital microscope images of droplets showing Marangoni flow [1] of Na2PdCl4 particles with 

heating at 50℃ on a hotplate (on a cleaved mica surface); the red circle illustrates the direction of the flow 

within the droplet. With time, Na2PdCl4 particles move towards the contact line and reach the contact line 

after 6 seconds of heating. 

As the heating proceeds, the Na2PdCl4 dendrite starts growing from the colder end to the hotter 

end of the substrate. We have observed different growth scenarios on various substrates.  
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Figure 2.10. Optical image of Na2PdCl4 droplets showing the absence of dendrite growth on a Si substrate 

(due to lack of contact line pinning). 

Interestingly, no dendritic growth is observed in the case of other substrates except for mica (see 

Figure 2.10, which shows no dendrites over the Si substrate). The mica surface's lower contact 

angle induces contact line pinning [52] (Figure 2.11). The system is no longer in equilibrium when 

NaCl is added to the PdCl2 solution due to the common Cl- ion.  

 

 

Figure 2.11. (a) Optical image of Na2PdCl4 droplet on mica at the time of heating showing contact line 

pinning and Coulomb repulsion at the droplet edge responsible for dendrite formation, (b) Schematic 

illustration of mechanism of Coulomb repulsion and dendrite formation; dragging of Na+ ions towards the 

K+ ion cavity and subsequent Coulomb repulsion for Pd2+ ions in its vicinity (red arrows show the Coulomb 

repulsion direction).  
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Therefore, increased Cl- ions behave as stress added to the system. According to Le Chatelier’s 

principle [53], the system will move in a direction that decreases stress. Since surface cations occupy 

approximately 50% of the surface sites of mica, it’s natural to expect electrostatic interaction 

between surface K+ ions (on the mica surface) and Cl- ions (in Na2PdCl4 droplet). Likewise, the 

mica surface has 50% K+ ion cavities, so we consider the possibility of co-adsorption of Na+ and 

Pd2+ ions on the mica surface.[54] Based on our experimental observations, we propose a qualitative 

understanding of the in-situ CVD growth dynamics of dendritic PdSe2. Although the growth 

temperature (~500℃) is well below the typical melting point of PdCl2 (~670℃) and NaCl 

(~801℃) at atmospheric pressure, the (NaCl+PdCl2+H2O) mixture starts melting at a temperature 

well below the melting point of individual components because of two significant reasons, (1) pre-

patterned (Na2PdCl4+Pd NPs) micro-structured dendrites and Pd nanoparticles have melting points 

much lower than that of bulk[55], (2) salt-solution assisted growth decrease the melting point[39]. A 

careful observation of the dendrite morphology of Na2PdCl4 by FESEM EDX mapping reveals 

that, primarily, Pd NPs aggregate along the edge of the dendrite (see Figures 2.6f, Figure 2.12). 

The Na2PdCl4 dendrites become immobilized during the heating and participate in-situ in the CVD 

process.  

 

Figure 2.12. AFM image of dendrites after transfer showing Pd NPs condensed over K+ lattice sites. White 

arrows indicate the edges of dendrites. The depth of the dendritic track ranges from 0.6 nm- 5 nm, as shown 

from the AFM height profile. 

 

2.4.4. Mechanism for the post-CVD dendrite growth of PdSe2 

Careful examination of the post-CVD dendrite morphologies by FESEM (Figure 2.13a-d) reveals 

that the growth of PdSe2 starts from the Pd NPs (diameter ~50 nm). Figure 2.13a shows a small 

portion of a PdSe2 dendrite edge, where the expansion of PdSe2 is along the movement of molten 
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droplet direction. AFM image in Figure 2.13a (inset) reveals that the thickness of the layer is 1 

nm, confirming the growth of 2L PdSe2. Figures 2.13b and 2.13c demonstrate that the PdSe2 

growth direction is emulated by NaCl crystal. The squared region of Figure 2.13c shows a 

shadowy vision due to the underneath Pd NPs, which is further confirmed by the top side down 

FESEM image of PdSe2 as shown in Figure 2.13d.  

 

 
Figure 2.13. FESEM images of (a) dendritic edge showing NaCl isolation from molten droplet (yellow dotted 

encircled region), Inset: AFM image and height dendritic PdSe2 showing a thickness of 1 nm, revealing the 

bilayer PdSe2; scale bar is 500 nm. (b) Initiation of PdSe2 growth from the Pd NPs, (c) yellow dotted square 

region shows shadowy vision due to underneath Pd NPs. The scale bar is 1 mm. (d) The top-side-down 

FESEM image of the edge of a 2L PdSe2 dendrite showing top Pd NPs; the scale bar is 1 mm. (e) Schematic 

of the proposed mechanism for the dendrite growth of PdSe2 through injection of Se atoms over molten Pd 

NPs during the CVD process.  

Based on our experimental observations, we can provide a qualitative understanding of the growth 

mechanism schematically illustrated in Figure 2.13e. During the CVD, the immobilized Pd NPs 
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are the nucleation site, avoiding random nucleation, and PdSe2 growth begins. Pd NPs become 

immobilized droplets during heating and, in situ, participate in the reaction. Subsequently, the 

upstream Se vapor is injected into the molten droplet, triggering the formation of the PdSe2 

nucleus. Afterward, this PdSe2 nucleus gradually expands horizontally, initiating multilayer PdSe2 

(ML PdSe2) and, finally, bilayer PdSe2 growth. Further, the (Na2PdCl4+Pd NPs) mixture 

intermediate is achieved by pre-annealing the salt solution on mica without the supply of Se. 

Raman analysis of the annealed sample in Figure 2.14 shows the characteristic peak of the Pd-O 

bond [56] at the edges.  

 
 

Figure 2.14. Raman spectra of Na2PdCl4 dendrite (a) before annealing, (b) after annealing at 400℃, (c) Pd 

nanoclusters at the edge of Na2PdCl4 dendrite after annealing at 400℃ on mica substrate.  

Raman spectra suggest the formation of molten intermediate Pd-O droplets on the Pd NPs[57] 

(Figure 2.14c) before the injection of Se. The area of Pd NPs decreases, and PdSe2 increases with 

the increase in growth time (Figure 2.15). As the area increases, the increase in free energy leads 

to a driving force for the Pd-O droplet to displace laterally till the Pd and Se are fully consumed.[58] 

The supersaturated precursor is prone to being driven away from the site-specific positioned Pd-O 
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droplets and towards the NaCl crystal-driven direction. Here, NaCl plays a key role in reducing 

the melting of the precursors and enabling the directed growth of bilayer PdSe2. The NaCl has the 

property to spontaneously move from a region of low surface energy to a region of high surface 

energy.[59] Concurrently, the solubility of Se in NaCl decreases rapidly, which further separates the 

NaCl from the droplet and drives the movement of the NaCl to the edge of PdSe2. 

 

Figure 2.15. TEM images of PdSe2 dendrites grown after different growth times. The area/density of Pd 

NPs decreases, and the area of 2D PdSe2 increases with increasing growth time.  

 

Figure 2.16. (a) Bright-field TEM image of the bilayer PdSe2 dendritic end, (b) the corresponding magnified 
view of the Pd NPs, (c) HRTEM lattice image of Pd NPs, (d) the corresponding magnified view taken from 
regions 1 and 2 of dendrite edge showing PdSe2 chain, and (e) Pd NP decorated PdSe2 chain. 
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The crystal extension is not terminated until the NaCl runs out of stock. Unlike the 2L PdSe2 

regions, which are uniform in contrast (yellow dotted region in Figure 2.16a), the inner edge 

region of the dendrite exhibits darker regions due to the presence of Pd NPs (Figure 2.16a). To 

gain further insight, we investigate the edge structure containing Pd NPs and its precursory PdSe2, 

as shown in Figure 2.16b. Figure 2.16c presents a Pd NP extended out of a PdSe2 dendrite, and 

Figures 2.16d and 2.16e present two types of atomic resolution HRTEM images taken from 

different regions from Figure 2.16c. In region 1, the more intense spots in the chain-like projection 

correspond to Pd atoms, while the two sides of the PdSe2 chain with less intensity scale correspond 

to Se atoms. In the PdSe2 chain, the Pd-Pd distance is 0.29 nm. The intensity of Pd and Se 

decreased in region 2, suggesting Pd NPs are on the top of the PdSe2 chain. In the top layer, Pd 

NPs show a Pd-Pd distance of 0.2 nm, corresponding to crystalline Pd NPs. 

 

2.4.5. Region wise growth 

A further understanding of CVD-grown PdSe2 dendrite morphology by SEM (Figure 2.17a) 

reveals that there exist three regions. The formation of three regions can be explained as follows. 

(1) Region 1: Because of pre-patterning of the mica substrate with a quartz mask using Na2PdCl4 

solution (drop cast) followed by heating at 50 ℃, which results in the formation of Pd source 

region (Pre-CVD), which turns into bulk PdSe2 region after selenization inside CVD (region R1), 

(2) Region 2: At the initial stage of growth, during CVD under Se poor condition, bulk PdSe2 from 

region R1 gradually expands to form multilayer PdSe2 (region R2) and, (3) Region 3: at later stage 

of growth, during CVD under Se rich condition (sufficient Se vapor pressure), expansion of region 

R2 leads to the formation of bilayer PdSe2 region (Region R3), which is away from the source 

region (region R1). 

                  Interestingly, these three regions can be isolated in a controlled manner. At first, using 

water-assisted transfer, region R1 can be transferred on any arbitrary substrate, while region R2 

and R3 remain on the mica substrate. Subsequently, region R2 can be separated by the scotch tape 

transfer method, and finally, region R3, containing only bilayer PdSe2, remains on the parent 

substrate for further studies. The enlarged view of the square dotted yellow box of Figure 2.17a 

in Figure 2.17b illustrates different regions (marked as R1, R2, and R3).  To validate our 

conjecture about the different regions, we have acquired position-dependent Raman spectra 

(Figure 2.17c) over the dendrite surface. 
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Figure 2.17. (a) FESEM image of parallel dendrites of 2L PdSe2, (b) enlarged view of a dendrite along the 
width highlighting three regions: R1, R2, and R3. (c) Raman spectra of R1, R2, and R3 regions showing 
PdSe2, PdSe2-Pd2Se3 and 2L PdSe2 growth, respectively, * symbol corresponds to K-Cl bond (263 cm-1) of 
mica, (d) schematic illustration of the three regions showing the layer content; beginning of Pd2Se3 from Pd 
NPs at a Se-poor environment and PdSe2 at Se-rich environment. 

We found that the R1 and R3 regions contain only the 2D PdSe2 phase, while the R2 region 

contains a mixed phase (both 2D PdSe2 and 2D Pd2Se3 phases). The Raman spectrum of the R2 

region contains all the characteristic peaks of the PdSe2 and Pd2Se3 phases (see Figure 2.17c). At 

R1, the A1
g and A3

g Raman modes of the PdSe2 phase lie at 144 and 257 cm-1, suggesting the 

formation of ML PdSe2. It is worth mentioning that the R1 and R2 regions show the same Raman 

peaks, indicating the similar thickness of the PdSe2 layer in both regions. Region R1 contains 

multilayer PdSe2, while region R2 contains multilayer PdSe2 along with PdSe2-Pd2Se3 junction 

and Pd NPs, whereas region R3 contains only bilayer PdSe2. As the Raman peak position of bilayer 

PdSe2 is different than the multilayer PdSe2, it can be stated that regions R1 and R2 contain 

multilayer PdSe2, consistent with the same peak position for the A1
g mode. Note that the A1

g mode 

intensity in region R2 is lower than that of R1 due to the presence of defects in PdSe2 and the 

mixed phase of PdSe2 and Pd2Se3. In the case of R3, the upshift of the A1
g mode is indicative of 

TH-3674_196153010



49 | C h a p t e r  2  

 

the lower thickness, i.e., bilayer PdSe2. The thickness of different regions was confirmed by the 

AFM height profile analysis, which is consistent with the Raman analysis. However, there is a 

sudden drop in Raman intensity in the R2 region, which is attributed to the presence of NaCl and 

Pd NPs below the PdSe2 layer in R2 (schematically shown in Figure 2.17d). At the R2 region, we 

observe the A1
g and A3

g Raman modes of the PdSe2 phase, the same as the R1 region, along with 

three additional peaks at 159 cm-1, 191 cm-1, and 220 cm-1 corresponding to 2D Pd2Se3, which is 

similar to the theoretical Raman modes of Pd2Se3.[60] FESEM and STEM EDX spectrum of the 

junction region of a dendrite shows an atomic stoichiometry of ~2:3, suggesting clearly the 

formation of the Pd2Se3 region (Figure 2.18).  

 

 

Figure 2.18. (a) EDX spectrum of the R2 region of a dendrite (marked with a red rectangle in the inset 

dendrite) showing the atomic composition corresponding to Pd2Se3 formation. (b) STEM EDX spectrum of 

a spitted junction region of a dendrite showing atomic stoichiometry of ~2:3. Scale bar is 5 m for the inset 

of (a) and 500 nm for the inset of (b). 

The B1
1g mode arises due to the outer mode vibration [5], and the change of stoichiometry from 

PdSe2 to Pd2Se3 shifted the B1
1g mode and generation of Pd2Se3 peak at 159 cm-1. At R3, we 

observe PdSe2 peaks at 147 cm-1 and 260 cm-1, confirming the formation of bilayer PdSe2.[5] 

Figure 2.17d schematically shows the content of 3 different regions of the dendrites. The R1 

region is comprised of the NaCl layer at the bottom and PdSe2 at the top layer. In R2, Pd NPs are 

the source of Pd. During the CVD, when the upstream Se vapor is injected into the molten Pd-O 

droplet, it triggers the formation of Pd2Se3 in the Se poor condition. This nucleus gradually expands 

horizontally, initiating continuous growth of bilayer PdSe2 when further supply of Se heads to a 
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Se-rich atmosphere is created inside the CVD chamber. Increasing Se changes the ratio of metal: 

chalcogen from 1:0 to 2:3 to 1:2, first from Pd NPs to Pd2Se3 (in Se-poor condition) and then 

finally to PdSe2 (in Se-rich condition). At the beginning of the CVD process, a possible Se-poor 

condition leads to a decrease in interlayer distance, resulting in the chemical stoichiometry of 

Pd2Se3. [61, 62]  

 

2.4.6. H2O assisted transfer mechanism 

Since the presence of a NaCl catalyst is not desirable in the final growth product, as it degrades 

the film with time (Figure 2.19), it is essential to eliminate NaCl from PdSe2 dendrites.  

 

 

Figure 2.19. (a) Optical image of NaCl-assisted grown PdSe2 dendrite after 3 months. 

In general, the transfer methods of 2D materials usually involve polymer-assisted transfer, such as 

PVA, PMMA, etc. [63] These polymers leave a thin layer of long-chain residual molecules on the 

2D material surface, and it may alter the intrinsic properties of 2D materials.  It is worth noting 

that most of the reported PdSe2 transfer techniques relied on etchants, such as KOH and HF 

solutions, and PMMA for detaching the samples from the growth substrates. [40-42] In contrast, in 

this work, we took advantage of the presence of NaCl-salt and consequently adopted a water (H2O) 

assisted transfer technique that didn’t involve any polymer throughout the delamination process. 

A critical delamination process has been recorded for a clear demonstration of the efficacy of the 

transfer process, and it is indeed very fast (within a few seconds) and a facile technique (Kindly 

refer the video here). During this process, an H2O film bridges the PdSe2 layer to the inner edges 
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of the mica and pulls it away from the mica surface. At the H2O/PdSe2 interface, the driving force 

originates from the out-of-plane shear, where the shear stress is normal to the PdSe2 surface [64]. 

Due to the high surface tension of H2O (72 mNm-1) [65], the thin PdSe2 film is successfully isolated 

and floated freely on the water surface. The H2O membrane stretches until the whole PdSe2 layer 

is lifted from the mica surface. It is worth noting that we have not used any polymer throughout 

the delamination process (Figure 2.20a), and thus our process is contamination-free. Figures 

2.20b and 2.20c show the FESEM images of as-grown PdSe2 dendrite on the mica substrate before 

and after transfer. A successful transfer is confirmed from the FESEM image of the transferred 

PdSe2 dendrite on a SiO2 substrate (Figure 2.20d). The structural integrities of PdSe2 dendrite 

detached from the growth substrates were characterized and confirmed by Raman spectroscopy. 

Raman spectra of PdSe2 transferred on SiO2 show (Figure 2.20e) all the characteristic Raman 

modes that exhibit higher intensity compared to mica, indicating a high-quality transfer of PdSe2 

and its adhesion with the SiO2 substrate. After transfer, the remaining PdSe2 in the R3 region is 

confirmed from the corresponding Raman spectra. Figure 2.20f schematically illustrates the 

successful transfer of PdSe2 to the target substrate aided by the dissolution of underneath NaCl. 

For a better understanding of R3, we have measured the thickness after H2O transfer. As the bottom 

layers of R1 and R2 contain NaCl, after H2O-assisted transfer, both layers are easily removed due 

to the out-of-plane shear.[64] Figure 2.20g shows a step height (AFM) of ~1 nm for 2L PdSe2 

collected from the R3 region of a dendrite, confirming the formation of bilayer PdSe2. Boundary 

line flips are commonly observed due to out-of-plane shear during H2O transfer. Figure 2.20h 

represents dark field TEM images of a hollow (center region) PdSe2 dendrite after the water-

assisted transfer process. Figures 2.20i and 2.20j represent the corresponding Pd and Se mappings 

of PdSe2 dendrites, further validating that the bottom layer of R1 contains NaCl. Most of the NaCl 

crystals are fully etched out in H2O transfer, which confirms that NaCl is underneath R1, which 

helps in lifting the PdSe2 film. 
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Figure 2.20. (a) Schematic illustration of H2O-assisted transfer process of 2L PdSe2 from mica substrate 
(PdSe2 layer facing downward) to arbitrary substrate. (b) FESEM image of a PdSe2 dendrite on original 
growth substrate before transfer, (c) FESEM image showing the successful removal of PdSe2 dendrite from 
mica substrate after H2O transfer, (d) transferred 2L PdSe2 dendrite on SiO2 substrate. The scale bar is 2 

m in each image. (e) Raman spectra at the marked (*) location after H2O-assisted transfer on SiO2 and 

mica substrate. (f) Schematic illustration of the different layers before and after transfer of PdSe2, (g) AFM 
image of one edge of a dendrite after H2O transfer reveals intact bilayer PdSe2, delamination and twisting 
of R3 region occurs due to the out-of-plane shear. (h) Dark field TEM images of PdSe2 dendrite showing 
removal of PdSe2 from the central region, (i, j) the corresponding mapping of Pd and Se atoms, respectively.  
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Figure 2.21. (a-d) FESEM images of in-situ grown parallel PdSe2 dendrites after H2O-assisted transfer. 

The scale bar is 5 m. 

Figure 2.21 shows the FESEM image of an array of parallel PdSe2 dendrites. The terminated 

dendrite (Figure 2.21) size closely resembles a NaCl square, which is fully etched out after the 

H2O transfer. AFM was employed to evaluate the detailed morphology of different regions of a 

dendritic PdSe2 layer. Note that due to the underneath NaCl and Pd NPs layer, the thickness of the 

R1 and R2 regions is much higher (~200 nm, see Figure Figures 2.22a, 2.22b) than the R3 region.  

 

 
 
Figure 2.22. AFM topographic image of (a) R2 region of a PdSe2 dendrite (showing high thickness due to 
the underneath NaCl layer and Pd NPs, (b) Residual Pd NPs on mica substrate after H2O transfer.  (c) 
Scotch tape transferred 2L PdSe2, showing a thickness of 1.2 nm in the R3 region.  
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Figure 2.23. (a) FESEM images of parallel PdSe2 dendrites at the end of the growth where the end shape 

mimics the NaCl cube shape. (b) FESEM image showing a single dendrite. The scale bar is 5 m. 

 

2.4.7. PdSe2-Pd2Se3 junction region 

To further investigate the Pd2Se3 region, we conducted scanning transmission electron microscopy 

(STEM) imaging/mapping of the sample. Figure 2.24a shows the bright field STEM image of a 

dendrite. Noticeably, the middle portion of the dendrite is empty due to the H2O-assisted transfer 

process. As explained earlier, the R1 and R2 regions have an underneath NaCl layer; during the 

transfer process, the bottom layers of the R1 and R2 region form a step-climbing epitaxy. H2O 

insertion begins with the layer of R2, subsequently in R1 underneath, and dissolves the NaCl layer. 

The insertion of H2O below the PdSe2 layer uplifts the R1 and R2 region, which is separated from 

R3. The R1 region is divided from R2 and R3 due to the presence of a phase transition region in 

R2. The R1 region was removed from the dendrite, making a hollow dendrite structure (see Figure 

2.24a). The area of Pd2Se3 is the darker spilt region, which encompasses non-uniformly over the 

R2. Pd2Se3 is selectively formed at defect-rich regions containing, e.g., grain boundaries and edges 

around the Pd NPs. Pd2Se3 started forming at the edges and grain boundaries and grew to smear 

around the Pd NPs, forming a patch-like structure. Contrary to other 2D materials, the exfoliation 

of bilayer PdSe2 results in the formation of the Pd2Se3 layer.[66] EDX spectrum of yellow shaded 

portion at the boundary of R2 (Figure 2.24b) confirms the formation of Pd2Se3.  
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Figure 2.24. (a) TEM image of a PdSe2 dendrite after water-assisted transfer, Scale bar is 2 m. (b) EDS 
spectrum at R2 showing the atomic stoichiometry of Pd and Se is ~2:3, corresponding to Pd2Se3 formation. 
(c) HRTEM lattice image of sandwiched PdSe2-Pd2Se3 junction, the junction region is highlighted by yellow 
dashed lines, (scale bar is 0.5 nm), (d) the enlarged view of Pd2Se3 (left panel of (c)) shows the butterfly-
like structure and its corresponding atomic model, (e) the enlarged view of PdSe2 (right panel of (c)) and its 
corresponding atomic model, (f) side view of the PdSe2-Pd2Se3 junction (Pd (cyan), Se (red)), and (g) 
corresponding DOS plot of PdSe2 and PdSe2-Pd2Se3 junction obtained from DFT calculation, (h) electron 
localization function (ELF) of the PdSe2-Pd2Se3 junction. 

Atomic resolution HRTEM image (Figure 2.24c) at a portion of R2 reveals the existence of two 

types of lattice structures (Pd2Se3 and PdSe2) with a sandwiched PdSe2-Pd2Se3 junction. Both 

Pd2Se3 and PdSe2 structures agreed well with the structure of bilayer Pd2Se3 with AB stacking.[67] 

The enlarged view of the Pd2Se3 structure (Figure 2.24d) exhibits a peculiar butterfly-like periodic 

array. Likewise, the enlarged view of PdSe2 is shown in Figure 2.24e with the corresponding 

atomic model. The PdSe2-Pd2Se3 junction is created by bonding between the Pd2Se3 monolayer 

and the PdSe2 bilayer (Figure 2.24f). This structure is utilized to calculate the band structure of 

the junction employing DFT. Interestingly, the calculated band structure of the PdSe2-Pd2Se3 

junction exhibits a spike in the DOS at the Fermi level (see Figure 2.24g), depicting the metallic 

characteristic of the junction in contrast to the semiconducting nature of the PdSe2 layer. 

Considering the PdSe2-Pd2Se3 junction, we further calculated the electron localization function 

(ELF) at the junction. Due to the electro-negativity, electrons prefer to be located on the Se atoms, 

and the electron densities around Pd are low (Figure 2.24h). At the junction, an electric field could 

be built within the interface region.[68] We have analyzed AFM to confirm the presence of intrinsic 
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defects (Figure 2.25). Figure 2.25 shows defective regions (white dotted regions) with pores-like 

features with a depth of ~0.4 nm. 

 

 

Figure 2.25. AFM image of PdS2 shows the presence of defective regions (white dotted regions) with pores-

like features with a depth of ~0.4 nm.  

2.4.8. Metallic behavior of PdSe2-Pd2Se3 junction 

In light of the above discussion, the unique metallic behavior of the PdSe2-Pd2Se3 junction was 

next exploited in SERS sensing of methylene blue (MB) molecule (schematically shown in Figure 

2.26a). Micro-Raman analysis was carried out at PdSe2, PdSe2-Pd2Se3, and Pd NPs enveloped 

PdSe2-Pd2Se3 (PdSe2-Pd2Se3/Pd NPs) regions with MB molecules using a 532 nm laser line. 

Consistent with the theoretical calculation results of metallic behavior, we observe a higher signal 

of the SERS spectrum of MB molecules at the PdSe2-Pd2Se3 junction region (Figure 2.26b, middle 

panel) than that of the bare PdSe2 region (Figure 2.26b, lower panel). The SERS spectrum of MB 

molecules at the PdSe2-Pd2Se3 junction region decorated with Pd NPs with an average diameter of 

50 nm shows significantly higher enhancement of the Raman signal. It is found that the high SERS 

signal on PdSe2-Pd2Se3/Pd NPs regions (Figure 2.26b, upper panel) is due to the dense 

accumulation of MB molecules along the PdSe2-Pd2Se3 junction regions. The PdSe2 peak at 147 

cm-1, along with extra peaks of Pd2Se3 at 162 cm-1 and 193 cm-1, confirm the presence of both 

phases in the junction region. Figure 2.26c reveals a huge variation in SERS intensities (I) between 

PdSe2 and PdSe2-Pd2Se3 with PdSe2-Pd2Se3/Pd NPs.  

I (PdSe2-Pd2Se3/Pd NPs)> I (PdSe2-Pd2Se3)> I (PdSe2). 
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Figure 2.26. PdSe2-Pd2Se3/Pd NPs as a SERS sensor: (a) schematic of MB SERS sensing at Pd NPs 

decorated PdSe2-Pd2Se3 junction SERS signal is much higher at the PdSe2-Pd2Se3/Pd NPs region, (b) 

Comparative SERS spectra of MB on PdSe2, PdSe2-Pd2Se3, and on PdSe2-Pd2Se3/Pd NPs. For each 

spectrum, maximum intensity counts are fixed at 40k. (c) the corresponding intensity plot for different 

regions. The inset shows the log plot of the calculated enhancement factor (EF). (d) Low-resolution bright 

field TEM image shows that the joining of MB chains starts at the junction in a head-to-tail manner, (e) 

corresponding color mappings of Pd (cyan), Se (red), and S (yellow). ‘S’ highlights the MB chain. (f) 

magnified view of (d) showing the joint between the MB chain and PdSe2-Pd2Se3/Pd NPs, and (g) the 

corresponding color mappings of Pd, Se, and S. 
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Among these, the PdSe2-Pd2Se3/Pd NPs exhibit the highest intensity peak, which implies its highly 

sensitive nature towards SERS. It clearly indicates that Pd NPs on metallic PdSe2-Pd2Se3 junction 

play a vital role in such a high SERS activity. Further, we performed a SERS measurement of the 

MB molecule to calculate the detection efficiency in different regions. The enhancement factor 

(EF) is calculated using the following equation, 
SERS RS

RS SERS

I C
EF

I C
=   where 

SERSI and 
RSI   are the 

SERS and Raman signal intensities, respectively, and  
SERSC  , 

RsC are the corresponding 

concentrations for whom the intensities are considered. The calculated enhancement factor (EF) 

in the inset of Figure 2.26c (log plot) reflects a huge change in EF from PdSe2 to PdSe2-Pd2Se3/Pd 

NPs. It is evident that PdSe2-Pd2Se3/Pd NPs can serve as a SERS substrate with MB molecule 

detection with an enhancement factor of ~3×105, which is 11 times higher than PdSe2 to detect 

MB molecules due to the metallic nature of the junctions. MB exists in cation form in a highly 

polar solvent like water.[64] Because of the metallic nature, the PdSe2-Pd2Se3 junction and Pd NPs 

create an electric field and attract bipolar molecules.[70] Due to the polarity of MB, further 

adsorption of molecules occurs in a head-to-tail manner; the process repeats and finally forms long 

chain aggregates (Figure 2.26d, 2.26f). To verify the existence of the interaction between MB 

molecules with PdSe2-Pd2Se3/Pd NPs regions, we further investigated it with EDX mapping of Pd, 

Se, and S elements. Figures 2.26e and 2.26g reveal that the signals arising from the S atoms of the 

foreign molecule (MB) are due to the formation of MB chains. The S mapping leads us to speculate 

that the joining of MB molecules originates at the Pd NPs decorated PdSe2-Pd2Se3 junction regions 

(indicated as ‘Joint’). Our in-situ grown PdSe2-Pd2Se3/Pd NPs regions show ultrahigh 

enhancement of the characteristic peak of MB molecule (1623 cm-1) with an intensity count of 40k 

(Figure 2.26b). This indicates that the Pd NPs decorated PdSe2-Pd2Se3 junctions have high 

potential as an efficient SERS substrate.[71]  

 

2.4.9. Mechanism of high SERS sensitivity 

The mechanism of SERS enhancement is described with the help of FEM simulation of Pd NPs 

without PdSe2 (Figure 2.27), Pd NPs on PdSe2 (Figure 2.27a) and Raman mapping (Figure 

2.27b-d). The signal from PdSe2 with Pd NPs shows dramatic improvement of the MB Raman 

signal (1623 cm-1 peak), signifying the important contribution from the Pd NPs in SERS 

enhancement. 
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Figure 2.27. (a) FEM simulation of the electric field distribution of Pd NPs on bilayer PdSe2 under 532 nm 

excitation. (b) The Raman intensity mapping of 147 cm−1 peak of PdSe2, (c) 1400-1550 cm−1 peak of Pd 

NP, and (d) 1623 cm−1 peak of MB respectively. The scale bar is 2 μm. 

Further, Raman mapping of MeB depicts that along the junction region, the Raman intensity is 

highest due to the presence of Pd NPs. 

 

 

Figure 2.28. FEM simulation of the electric field distribution of Pd NPs under 532 nm excitation. 
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Figure 2.29. SERS spectra of 10-4 M of methylene orange on 2L PdSe2. 

 

Figure 2.30. SERS spectra of Ethylene Glycol on 2L PdSe2. 
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With the help of additional data and FEM simulation of the electromagnetic (EM) field 

enhancement factor, we show that the measured EF (3105) is contributed by both EM and CM 

mechanisms. According to the FEM simulation, the EM enhancement is ~2.628103 for Pd NPs 

without the presence of bilayer PdSe2 and it goes up to 5.546103 for Pd NPs on bilayer PdSe2 

(Figure 2.28). Thus, the remaining EF (~102) can be attributed to the CM mechanism, which is 

consistent with the SERS data for other dye molecules (Figure 2.29). SERS sensing data of one 

volatile organic compound, e.g., ethylene glycol on the PdSe2-Pd2Se3/Pd NPs, is also shown in 

Figure 2.30, where the enhancement is relatively low. We measured the highest SERS EF for MB 

(~EF = 3105) and the lowest EF (~2.3103) for the Methylene orange molecule. The lowest EF 

case clearly represents the minimal contribution of the CM mechanism and the dominant role of 

the EM mechanism for SERS enhancement. The specific role of Pd NPs was explored by Raman 

imaging of the samples. Raman signals are acquired from two different regions containing PdSe2 

with Pd NPs (zone 1) and PdSe2 without Pd NPs (zone 2) (Figure 2.31).  

 

Figure 2.31. Raman signals are acquired from two different regions containing PdSe2 with Pd NPs (zone 

1) and PdSe2 without Pd NPs (zone 2). 
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2.4.10. Growth of other NTMDs 

Furthermore, we have tested the general applicability of this growth method by conducting the 

growth of other NTMDs (2D PdS2, 2D PdTe2). In 2D PdS2 and 2D PdTe2, desired patterned 

dendrites could be grown, indicating the versatility of this synthesis technique (Figure 2.32).  

 

Figure 2.32. Raman spectra of (a) PdS2 and (b) PdTe2 dendrites. The inset shows the corresponding optical 

images. The scale bar is 2 m 

 

2.5.  Conclusion 

In summary, we developed a novel low-cost salt solution-assisted catalytic growth of dendritic 

strictly bilayer PdSe2 and other NTMDs on mica substrate. The pinned contact line and 

electrostatic force play an important role in the dynamics and evolution of dendritic structure, 

which is catalyzed by NaCl. Utilizing the advantages of water solubility of NaCl, we have 
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demonstrated a chemical etchant-free and large-area transfer of PdSe2 dendrites, which fully 

overcomes the limitations of the well-known PMMA-assisted transfer technique. Besides the 

growth kinetics and the easy transfer technique, we realize the PdSe2-Pd2Se3 junction as a metallic 

wire using DFT calculations and experimental evidence of growing such junctions. The SERS 

spectrum of MB molecules at the PdSe2-Pd2Se3 junction region decorated with Pd NPs (~ 50 nm) 

shows significantly higher SERS enhancement. We uncover that the attachment of Pd NPs at the 

PdSe2-Pd2Se3 junction further enhances the SERS signal for MB molecules due to the combined 

role of electromagnetic and chemical enhancement mechanisms. Our proposed method for 

growing patterned dendrite morphology simply by in-situ CVD technique at a low temperature 

could potentially be applied to other NTMDs, TMDs, and 2D families, enriching this promising 

dendritic platform for potential applications in next-generation functional devices. 
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Chapter 3 - Temperature-dependent Raman study and 

determination of anisotropy ratio and thermal conductivity of 

low-temperature CVD grown PdSe2 using unpolarized laser 

excitation 

In this chapter the temperature-dependent Raman studies have been carried out to understand the 

phonon-phonon interactions in the as-grown bilayer and few-layer (5-layer) PdSe2. In the case of 

as-grown bilayer and five-layer PdSe2 film, it ranges from -0.006 cm-1K-1 to -0.024 cm-1K-1. For 

2D PdSe2, as layer number increases, the Raman temperature coefficient increases for 3

gA , 3

1gB  

modes and decreases for 1

gA , 1

1gB  modes, which is unique due to its ubiquitous in-plane 

anisotropy. The temperature coefficient of CVD-synthesized NTMDs varies from -0.00314 cm-1 

K-1 to -0.024 cm-1 K-1, which is very wide compared to TMDs. The thermal conductivity of free-

standing bi-layer and few-layer PdSe2 was calculated by a simple approach by taking a laser spot 

as the centre of heat circulation. Heat dissipation starts from the laser spot and will go radially 

outward to the heat sink (Cu-grid). Layer thickness-dependent anisotropic ratio is determined 

through Raman studies, and the origin of lower anisotropic ratio for increasing layer number is 

discussed. We propose a new way to calculate the anisotropic ratio using an unpolarized laser 

source. 

3.1. Introduction  

Many researchers have been allured into the world of two-dimensional materials due to graphene's 

ground-breaking applications in various fields, such as optoelectronic devices, energy conversion 

devices, chemical and biological sensors, and high-frequency electronic and optical devices.[1-3] 

As a very stable material, graphene exhibits an immensely high thermal conductivity of about 5300 

W/m. K.[4] This value strongly limits their electronic packaging applications and led to the search 

for alternative 2D materials, such as hBN, black phosphorous, group VI TMDs, and bismuth oxi-

chalcogenides.[5-13] The commonality between graphene and these 2D materials is that they are 

highly symmetric due to their isotropic lattice structure. Over the past decade, some of the 

experimentally reachable 2D materials exhibit in-plane isotropic behavior.[14] However, in 2014, 

the revolution of black phosphorous (BP) as an anisotropic material has pinned scientists to search 
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for other alternative materials exhibiting anisotropic behavior.[15] In this revolutionary track, they 

found noble transition metal dichalcogenides (NTMDs), giving fertile ground for many 

applications.[16-22] Linear dichroism, linearly polarized pulse generators, high gain digital 

inverters, polarizer sensitive photodetectors, and high-performance thermoelectric applications 

separate to call NTMDs ‘noble.’[23, 24] PdSe2 is evidenced as NTMD which holds a noble 

orthorhombic pentagonal structure in a pbca space group, and it possesses a remarkable layer-

tunable band gap from 0 eV in bulk to ∼1.3 eV in a monolayer.[25] The in-plane anisotropy in 2D 

PdSe2 enables unique electrical, optical, and thermoelectric properties of the material.[26, 27] A 

variety of methods are used to prepare layered PdSe2. Many thin-film deposition technologies have 

proved complicated when the coating of a large surface area is required. The chemical vapor 

deposition technique (CVD) is a versatile tool that provides large areas, single domain sizes, 

chemical uniformity, structural uniformity, and protective coating to the surface.[28, 29] In recent 

years, CVD has had a dramatic shift towards the field of manufacturing industries.[30] To date, 

most of the reported PdSe2 few-layers are obtained by mechanical exfoliation method, self-flux 

method, magnetron sputtering, direct selenization, molecular beam epitaxy etc.[13, 26, 31-33] 

Very few reports are there in PdSe2 films using the CVD technique where growth temperatures 

are usually very high (some of them are mentioned here) .PdSe2 nanosheet with different 

morphologies (Square-like, truncated square-like, heart-like) were reported on SiO2/Si substrate 

depending upon the growth temperature (~ 480 °C - 620 °C).[34, 35] Anisotropic growth of  

ultrathin PdSe2 ribbon on Au foil was demonstrated with a growth temperature of 850-900 °C.[25] 

Recently, Lu et al. reported a relatively lower temperature (~300 °C) CVD growth of 2D square-

like PdSe2 on sapphire substrate.[36] Thus, it remains challenging to grow 2D PdSe2 at even lower 

temperatures to realize flexible optoelectronic devices. Over the past decades, Raman spectroscopy 

has proved to play a central role in the advancement of our knowledge about structural information 

thermal properties, such as temperature coefficient thermal conductivity, in a rapid and non-

destructive way.[10, 37-39] Lu et al. identified the crystallographic orientation of few-layer PdSe2 

using polarization-resolved Raman measurement.[36] Previously reported NTMDs (PtSe2, PtTe2) 

show a red shift in all the characteristics of Raman modes as the thickness increases.[40, 41] Zeng 

et al. reported two additional peaks at 120.2 and 129.8 cm-1 would appear in the Raman spectra for 

1.2 nm thickness PdSe2.[42]  
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The temperature coefficient is a key thermal parameter that stimulates the performance of nano-

based layered material devices.[27] Temperature coefficient leads us to find the thermal 

conductivity of a specific material. Fundamentally, thermal conductivity is an important parameter 

for making electronic devices.[43] Low thermal conductive materials are highly desirable in 

different sectors such as aerospace engineering, heat shielding, etc. Numerous experimental 

studies have been done on the thermal conductivities of TMDS.[9, 38, 44] However, experimental 

and theoretical studies on thermal conductivity are very limited for NTMDs. Recently, Chen et al. 

found in-plane thermal conductivity (~10.95-15.58 W/m K) experimentally in a few-layered 

exfoliated PdSe2.[45] Note that the thermal conductivity was determined for exfoliated PdSe2, and 

there is no report on the thermal conductivity of CVD-grown PdSe2. Thought-provoking 

estimation of the thermal conductivity of CVD-grown suspended PdSe2 in a straightforward way 

is highly desirable for realizing their practical applications.  

 

3.2. Experimental details 

3.2.1. Low-temperature growth of bi-layer and few-layer two-dimensional PdSe2 

Bi-layer and few-layer PdSe2 flakes were synthesized following a two-step process. (i) Solution 

preparation, (ii) Low-temperature CVD growth. First, PdCl2 powder (Sigma Aldrich, 99.999%) is 

dissolved into water to prepare a PdCl2 solution. Next, the completely dissolved solution is drop-

cast on the mica substrate. Subsequently, the PdCl2 coated mica substrate was heated at 110 ℃ for 

10 minutes to dry the PdCl2 solution. Next, a single zone CVD system equipped with a 120 cm 

long quartz tube was engaged to carry out the low-temperature growth of PdSe2. Se powder (Sigma 

Aldrich, 99.999%) was taken as a growth precursor. Firstly, Se powder was carefully placed at the 

center of the quartz tube. PdCl2-coated mica was kept at a lower temperature between 8–12 cm 

away from the center. Argon was purged to carry the vapor precursor towards the down-stream. 

The quartz tube is initially raised up to a base pressure of 1.9 Pascal and flushed with Ar carrier 

gas (∼300 sccm) at room temperature to make an O2-free environment inside the quartz tube. The 

furnace temperature rises to ∼350 °C and is held there for 18 minutes while the pressure is 

maintained at 50-60 kPa. 
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3.2.2. Sample transfer method 

Various transfer methods have been proposed for the transfer of 2D layers from the growth 

substrate to other substrates. We have adopted a simple and effective step-wise transfer method, 

as follows.  

 

Figure 3.1. Schematic of the transfer process of 2D PdSe2 flakes from mica substrate to the target 
substrate. 

The as-grown PdSe2 layer on the mica substrate has been transferred to a Cu grid to execute the 

TEM measurement. With the help of drop-casting of PMMA solution and then immersion into 

KOH solution, we separated PdSe2 from the mica substrate. (1) The PMMA solution is drop cast 

on PdSe2 and then spin-coated with 1500 rpm for 60 seconds. (2) Then, PMMA adhered spin-

coated sample is baked at 110 ℃ on a hot plate. (3) Next, the dried PMMA with immovable spin-
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coated PdSe2 is immersed into the KOH solution for 3 hours. (4) Then, PMMA-coated PdSe2 is 

dipped into a Petri dish with distilled water for easier separation of the PdSe2 film. (5) Finally, 

PMMA-adhered PdSe2 film is fished with a Cu grid. Consequently, the PdSe2 holder Cu grid was 

dipped into acetone for 6 hours to eliminate the PMMA layer from the PdSe2 flakes. In the end, it 

is dried for a few hours for further TEM characterization. For power-dependent Raman 

spectroscopic measurement in the suspended state, in the same way, we transferred the sample into 

a Cu grid. A schematic representation of the transfer process has been depicted in Figure 3.1. 

 

3.2.3. Characterization techniques 

The optical microscope equipped with the micro-Raman measurement system (LabRam HR800, 

Horiba Scientific) is used for morphological characterization of as-grown PdSe2. The thickness of 

the as-grown PdSe2 sample was estimated via a non-contact scanning mode atomic force 

microscope (AFM) (Cypher, Oxford Instruments). A thorough study on the crystallinity of PdSe2 

has been performed with the help of high-resolution micro-Raman measurement (LabRam HR800, 

Horiba scientific) with an excitation wavelength (λex) of 532 nm (Ar ion laser). A 1.9 mW laser 

power is the source of excitation with a 100X objective lens to a spot size of ~1 μm. Collection of 

the generated signal is done by a charge-coupled device (CCD) in a backscattering geometry 

carried through a multimode fiber grating of 1800 grooves mm−1. Transmission electron 

microscope (JEOL-JEM 2010 operated at 200 kV) gives us an opportunity to better visualize 

surface morphology and crystal lattice arrangement of the pristine PdSe2. TEM study has been 

carried out on a Cu grid of 300 mesh sizes (Pacific Grid, USA). Implementing a temperature stage 

with a small operational span of 50X objective with liquid nitrogen as the coolant under an 

excitation wavelength (λex) of 488 nm (LabRam HR800, Jobin Yvon, Ar ion laser), all the 

temperature-dependent Raman spectra study has been carried out. Power-dependent spectra are 

obtained by a 100X objective retaining NA = 0.9 by utilizing various powers of a 532 nm laser.  

At the laser falling spot, the exact power experienced by as-grown PdSe2 was measured using a 

commercial power meter (Horiba). 
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3.3. Results and discussions 

3.3.1. Low-temperature CVD Growth of 2D PdSe2 

Chemical vapor deposition (CVD) is an emerging tool for growing high-quality two-dimensional 

crystals. The parameters such as growth temperature, carrier gas, precursors, and substrate location 

play a dynamic role during the CVD process. By optimizing growth temperature, we achieved 

highly crystalline anisotropic PdSe2 film on a mica substrate. Remarkably, we adopted a low-

temperature CVD growth of PdSe2. It follows a two-step process. (i) Substrate coating with PdCl2 

precursor. (ii) Selenization of PdCl2 to form two-dimensional PdSe2, as discussed before. More 

details about the nucleation are discussed in the growth mechanism section later. A schematic of 

the substrate preparation process is shown in Figure 3.2. 

 

Figure 3.2. Schematic representation of substrate preparation used for the growth of 2D PdSe2 flakes. 

 

 

Figure 3.3 (a) Schematic representation of the CVD setup used to grow 2D PdSe2 flakes. (b) Temperature 
profile and growth parameters of CVD grown 2D PdSe2.  
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In the 2nd step, precursors and substrates are inserted in a quartz tube, schematically shown in 

Figure 3.3a. The growth is conducted in a single-zone tube furnace. Se powder is kept at the center 

of the muffle furnace (the location where the temperature is maximum).  The substrates were 

placed downstream in a comparatively lower temperature zone. Following the temperature profile 

shown in Figure 3.3b, where we obtain large area PdSe2 film.  

 

3.3.2. Growth mechanism of sheet like and ribbon like PdSe2 

Following the above section 3.1, at atmospheric condition, PdCl2 coated mica substrate was dried 

at 110 °C for 10 minutes Figure 3.4.  

 

Figure 3.4 (a) Shows the inhomogeneous distribution of PdCl2 solution on mica substrate after evaporation, 
which acts as a Pd source in CVD. (b) In CVD set up it follows a selenization process where ribbon like and 
sheet like PdSe2 were formed after dragging Pd from Pd source. 

After evaporation, an inhomogeneous distribution of PdCl2 solution (Figure 3.4a, red dotted 

islands) was noticed on the mica substrate. Then it follows a low temperature CVD process in the 

presence of Se source. Inside CVD set-up, it follows a selenization process where PdCl2 acts as a 

Pd source (Figure 3.4b), yellow dotted islands). From the edge of the Pd region, Se atoms attach 

to Pd to form PdSe2. Thus, PdSe2 begins nucleation at the edge of the Pd source, where the growth 

begins with a small rounded structure (at 250 °C, Figure 3.5), which subsequently forms a ribbon-

like structure (at 270 °C), and finally forms a sheet-like structure (290 °C).  
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Figure 3.5. Shows optical image of (a, c, e) layered PdSe2 grown with substrate temperatures 290°C, 
270°C, 250°C respectively. Inset shows the corresponding AFM images with height profile. (b, d, f) 
represents the Raman spectra of respective images on mica substrate in different growth temperatures. 

If we follow Figure 3.5, we can see that at a lower temperature (250 °C), rounded PdSe2 is formed. 

These rounded structures started to form a ribbon-like structure, but the temperature did not allow 

this to continue. The statistics of the three types of growth, i.e., uniform sheet-like (at 290 °C), 

ribbon-like (at 270 °C), and non-uniform sheet-like structures (at 250 °C) are given in Figure 3.5a, 

c, e. For different growth temperatures, we can observe three types of growths, but the percentage 

distributions are different in each case (Figure 3.6).  
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Figure 3.6. Shows distribution percentage for three types of PdSe2 (uniform sheet like, ribbon like, non-
uniform sheet like) structures observed at different growth temperatures 250°C, 270°C, 290°C.  

At 250 °C, 270 °C, and 290 °C, we can see primarily non-uniform sheet-like, ribbon-like, and 

uniform sheet-like PdSe2, respectively. At 250 °C, the sheet-like PdSe2 is formed, but it does not 

have a uniform thickness throughout the sheet. Next, we discuss the characterization of these PdSe2 

layers. Furthermore, we fitted the spectra with Lorentzian line shape to understand the crystallinity 

in each case. The fitting parameters are tabulated in Table 3.1.  

Table 3.1. Comparison of Raman peak position, FWHM of 
1

gA and 
3

gA  mode in PdSe2 at different growth 

temperatures. 

Growth 

temperature 

A1
g (cm-1) FWHM 

(cm-1) 

A3
g (cm-1) FWHM (cm-1) 

290 ℃ 145.6 3.99 258.1 6.2 

270 ℃ 143.8 4.56 255.4 7.7 

250 ℃ 144.8 3.8 257.5 6.3 
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3.3.3. Characterization of bilayer and few-layer PdSe2 

3.3.3.1. Optical microscopy of bilayer and few-layer PdSe2 

Optical microscopy images have been captured to evaluate the shape of the as-grown PdSe2 layer. 

Ultrathin ‘uniform sheet’ like, and ‘ribbon’ like and ‘non uniform sheet’ like PdSe2 flakes observed 

on the mica substrate, as shown in (Figure 3.7). 

 

 
Figure 3.7. (a) Optical microscopy image of 2D PdSe2 sheets. (b) AFM topography of respective PdSe2 
film. Inset shows its height profile revealing the bilayer PdSe2. (c) Optical microscopy image of 2D PdSe2 
ribbon-like structure. (d) AFM topography of respective PdSe2 film. Inset shows the height profiles 
measured along the white lines at different locations of the sample. (e) Corresponding Raman spectrum of 
bilayer and few-layer (~5L) PdSe2. Symbols represent the experimental data, and solid lines are the 
Lorentzian fitted profile of Raman modes. 

Different morphologies as discussed in growth mechanism section of PdSe2 flakes were noticed 

with various substrate temperatures. Optical microscopy images are shown in Figure 3.7a and c, 

which indicates the ultrathin ‘sheet’ like and ‘ribbon’ like structures for bilayer and few-layer as-

grown PdSe2, respectively. In three growth temperatures, ‘uniform sheet’ like, ‘ribbon’ like and 

‘non uniform sheet’ like PdSe2 were observed. Note that the flow rate of Ar gas, precursor amount, 

source temperature, inside pressure of the quartz tube has been kept constant throughout the CVD 

process. By placing the mica substrate at different temperature zones, we obtain various types of 

growth morphology as discussed earlier. Due to the difference in the substrate temperature, a 
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systematic change in the morphology was noticed. As the temperature increases, the layer number 

decreases and more uniform PdSe2 growth was observed. At a relatively higher substrate 

temperature of 290 °C, ultrathin ‘sheet-like’ morphology was observed, which is of ~2L thickness 

(Figure 3.7b). When the substrate temperature decreases to 270 °C, a ‘ribbon’ like structure of 5L 

PdSe2 was obtained (Figure 3.7d). The optical contrast of the as-grown PdSe2 at the two 

temperatures shows that the thickness is greater at a lower temperature than at a higher 

temperature.  
 

3.3.3.2.  AFM analysis 

AFM analysis has been performed to measure the exact thickness of the as-grown sample. Figure 

3.7b, d shows the AFM images of layered PdSe2 on mica substrate in the temperature at 290 °C 

and 270 °C. The corresponding height profile (inset of Figure 3.7b, d) corroborates that it has a 

thickness of 1.4 nm and 3.2 nm, which corresponds to nearly two layers and five layers of PdSe2, 

respectively. The average thickness of the monolayer PdSe2 is 0.6 nm.[36, 46] The uniform 

contrast on the flake shows the uniform thickness of the flake. To validate the uniformity, we 

measured the thickness for multiple positions in a single flake, as shown in the inset of Figure 

3.7d, which reveals a uniform thickness throughout the PdSe2 ribbon. The AFM topography gives 

us a clear visualization of height profiles of PdSe2 at the different growth temperatures. 

 

3.3.3.3.  Raman analysis 

Micro-Raman measurements were performed to identify the characteristic Raman modes of PdSe2 

at the three different growth temperatures. In each case, Raman characteristic modes confirmed 

the presence of crystalline PdSe2. In case of sheet-like morphology of PdSe2 (uniform as well as 

non-uniform), the FWHM is lower than that of ribbon-like PdSe2. This suggests that the sheet-like 

PdSe2 is more crystalline than ribbon like PdSe2. Raman spectra of bilayer and few-layer PdSe2 

were shown in Figure 3.7e. The uniformity of the bilayer and few layer as-grown PdSe2 has been 

confirmed from Figure 3.8. Raman measurements at different locations of the sample shows 

identical spectra revealing the high uniformity of the bilayer and few-layer PdSe2 throughout the 

sample. 
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Figure 3.8. Stacked Raman spectra at different locations on (a) bilayer PdSe2 (b) few-layer PdSe2 showing 

high uniformity of the samples. In the optical images, the scale bar is 5 m for (a) and 2 m for (b).   

All the characteristic Raman modes 
1

1A , 
2

1A , 1

gA , 1

1gB , 2

gA , 2

1gB , 3

gA , 3

1gB  reveals anisotropic 

orthorhombic PdSe2 formation. We de-convoluted 1

gA and 3

gA  spectra with Lorentzian line shape 

fitting due to asymmetry in these intense spectral peaks. Note that we have used an unpolarized 

laser source to perform all Raman measurements. The asymmetry behavior in spectral peaks is due 

to the contributions by multiple modes in the spectrum and it is partly due to the anisotropic nature 

of 2D PdSe2. Note that optical anisotropy in PdSe2 has been studied in the literature using a 

polarized laser only, whereas we attempt to evaluate the anisotropy using an unpolarized laser 

source, for the first time. A spectral peak shift is observed due to the change in thickness of 

anisotropic PdSe2.  

           A comparison of spectral shift for all modes in bilayer and few-layer is given in Table 3.2, 

where we observed 
1

1A  and 
2

1A  peaks at 120.8 and 129.8 cm-1, respectively, for 1.4 nm thickness 

PdSe2. However, for few-layer case, we observed 
1

1A  and 
2

1A  peaks at 119.9 and 128.0 cm-1, 

respectively. Zeng et al. has also reported two additional peaks at 120.2 and 129.8 cm-1 appear in 

the Raman spectra for 1.2 nm thickness PdSe2, which also validates our ultrathin growth of 

PdSe2.[42] The spectral blue shift in the 1

1gB  peak was the most noticeable, with a significant blue 

shift of 3 cm−1 from few-layer to bi-layer. 
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Table 3.2. Relative spectral shifts of different Raman modes of CVD-grown bi-layer and few-layer PdSe2 
 

Modes Raman shift (cm-1) Spectral 

downshift 

(cm-1) Bilayer PdSe2  Few layer PdSe2  

𝑨𝟏
𝟏 120.8 119.9 0.9 

𝑨𝟏
𝟐 129.8 128.0 1.8 

1

gA  146.1 144.6 1.5 

1

1gB  150.5 147.5 3 

𝑨𝒈
𝟐  207.9 205.6 2.3 

𝑩𝟏𝒈
𝟐  224.2 222.5 1.7 

3

gA  259.3 257.1 2 

3

1gB  268.2 268.5 -0.3 

 

It suggests that as the layer number decreases, 1

1gB  plays an important role, whereas 3

1gB  mode is 

less sensitive to the outer surface. We also discerned a spectral blue shift of 1.5 cm-1, 2 cm-1 for 

1

gA and 3

gA  modes, respectively, as we go from bilayer to few-layer PdSe2. We have fitted both the 

spectra with Lorentz line shape, revealing the FWHM of 4.15, 5.15 cm-1 in bilayer PdSe2 and 4.08, 

7.24 cm-1 in a few-layer PdSe2 for 1

gA , 3

gA  Raman modes, respectively. The FWHM in 3

gA  Raman 

modes increase due to increased inter-layer coupling as we go from bilayer to few-layer PdSe2. 

The effect of surface defects is strong in the bilayer case, and it weakens in thicker samples because 

of the reduced surface-to-volume ratio, which causes narrowing behavior of the 1

1gB  peak with an 

increasing number of layers. The anomalous change in FWHM with layer number is due to low 

crystal symmetry in PdSe2. To better understand the PdSe2 crystallinity, we have carried out Raman 

measurement in two consecutive positions (middle and edge) of a PdSe2 sheet (Figure 3.9). At 

both the positions (middle and edge) of the sheet, we got the same Raman peak positions, which 
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confirms that the layer numbers are same. But there is a variation in FWHM of about 1 cm-1 (For 

example, 3

gA mode has FWHM 4.45 cm-1 at the middle and 5.51 cm-1 at the edge of sheet). 

 

Figure 3.9. (a) Shows the Raman spectra of the demarcated spot (middle) of PdSe2 sheet, (b) represents 
corresponding optical image. (c) Shows the Raman spectra of the demarcated spot (edge) of PdSe2 sheet, 
(d) represents corresponding optical image. Raman intensity in both the panel is same. 

It can be concluded that as the FWHM is higher, the crystallinity is lower at the edge of the sheet. 

Note that in PdSe2, the Se atoms lie at the outer surface and at the boundaries of PdSe2 and they 

can move out more easily than the inner atoms. This implies that Se vacancies may be the source 

of the low crystallinity of PdSe2 at the edges. The presence of Se vacancies of as-grown PdSe2 

further confirmed from the EDX spectrum given in Figure 3.10. (Pd- 37.5 %, Se- 62.5 %). A 

comparison of Lorentz line shape fitted FWHM for all the modes in the bilayer and few-layer 

PdSe2 is shown in Table 3.3. For the as-grown bilayer PdSe2, 
1

1gB  mode and 3

1gB  mode intensities 

are nearly identical. With the increasing layer number, the intensity of 1

1gB  mode increases faster 

than the intensity of the 3

1gB  mode. 
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Figure 3.10. EDX spectrum for CVD grown PdSe2. 

 

Table 3.3. Relative change in linewidths with change in layer number for different Raman modes of CVD 
grown PdSe2. 

 

Modes FWHM  Relative change 

in FWHM for 

few layer PdSe2 Bilayer PdSe2 

(cm-1)  

Few layer PdSe2 

(cm-1) 

 

𝑨𝟏
𝟏 5.43 7.74 Increase 

𝑨𝟏
𝟐 3.87 2.60 Decrease 

1

gA  4.15 4.08 Decrease 

1

1gB  5.43 7.16 Increase 

𝑨𝒈
𝟐  10.40 7.82 Decrease 

𝑩𝟏𝒈
𝟐  4.75 7.22 Increase 

3

gA  5.15 7.24 Increase 

3

1gB  10.55 10.39 Decrease 

 

The intensities of 1

1gB  mode and 
3

1gB  mode in the bilayer and few-layer (5L) are 289, 175, and 

1838, 291, respectively. So the intensity ratio of I(
1

1gB )/I(
3

1gB ) = 289/175= 1.7 is for bilayer, but 

for few-layer (5L) the intensity ratio of I(
1

1gB )/I(
3

1gB ) = 1838/291= 6.3. It confirms that the 
1

1gB  
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mode is more sensitive and reactive to the surface. As we go from bilayer to few-layer, 
1

1gB  mode 

started playing an important role.  

 

3.3.3.4.  TEM and electron diffraction analysis: 

TEM and selected area electron diffraction (SAED) analysis with atomic models further gives us 

a detailed picture of CVD grown PdSe2. The side view crystal structure of PdSe2 is shown in 

Figure 3.11a and the corresponding lattice constants are a = 0.57 nm, b = 0.58 nm, c = 0.77 nm.  

 

Figure 3.11. (a) Atomic model shows a side view of the PdSe2 unit cell. (b) Top view of bilayer and few-
layer of PdSe2. (c) HRTEM of few-layer PdSe2 shows the d-spacing along the x-axis and y-axis. (d) A 
magnified view of the dotted area of (c) shows the spacing of Pd-Se, Se-Se. Inset depicts the experimentally 
measured spacing value. (e) Atomic arrangement with all theoretically obtained values. (f) Experimental 
analysis of CVD grown 2D PdSe2 showing the angles between Seup-Pd-Seup and Sedown-Pd-Sedown. (g) Top 
view of atomically arranged PdSe2 with Seup-Pd-Seup and Sedown-Pd-Sedown angles. (h) Side view of few-
layer (5L) PdSe2. (i) SAED pattern for as-grown PdSe2. (j) Scanning TEM image of PdSe2 and (k, l) shows 
the STEM elemental mapping of Pd and Se atoms, respectively.  
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Figure 3.11b gives us a clear visualization of the top viewed bilayer and few-layer PdSe2. In 

Figure 3.11b, the black dotted circles encircle the top layer up (TLU) Se atoms, and blue dotted 

circles encircle the top layer down (TLD) Se atoms, magenta dotted circles encircle the top layer 

up (BLU) Se atoms, and the purple dotted circles encircle the top layer down (BLD) Se atoms. 

HRTEM lattice fringes of as-grown PdSe2 are illustrated in Figure 3.11c. The enlarged view of 

the dotted area of Figure 3.11c is shown in Figure 3.11d, where we can see the atomic 

arrangement of as-grown PdSe2. We obtained the spacing between Pd-Pd is 0.3 nm along b 

direction. In the HRTEM image, we can only see the top view of the atomic arrangement of PdSe2. 

The d-spacing of HRTEM image shows 0.29 nm (d200) and 0.3 nm (d020) along a-direction and b-

direction respectively, which nearly matches with the half of theoretical value of lattice constants, 

that are a = 0.57 nm/2 (0.285 nm) and b = 0.58 nm/2 (0.29 nm). In Figure 3.11c, the atomic 

arrangement is along the same axes as shown in Figure 3.11b and Figure 3.11e. The inset shows 

the enlarged view of a small portion of Figure 3.11d, in which the spacing between Pd-Pd atoms 

and Se-Se atoms in a-direction are the same, i.e., 0.29 nm, but along b-direction, the spacing 

between Pd-Pd and Se-Se are not same. For Se-Se and Pd-Pd, the spacing along the b axis is 0.16 

nm and 0.3 nm, respectively. For better visualization, we omitted the bonds and have shown the 

top view of the atomic model of PdSe2 in Figure 3.11e. In Figure 3.11e, we have calculated the 

two-dimensional spacing of consecutive Pd and Se atoms of PdSe2 from the atomic model. From 

the atomic model, we found that the distance between two consecutive Pd to Pd atoms (Pd-Pd) and 

Se to Se atoms (Se-Se) along a-direction is 0.285 nm, and the distance between two consecutive 

Se to Se atoms (Se-Se) along b direction is 0.15 and distance between two consecutive Pd to Pd 

atoms (Pd-Pd) along b direction is 0.29 nm, which are nearly same as Figure 3.11d values. If we 

see the top view of the PdSe2 model Figure 3.11e, there are two nearest Se atoms present at a 

distance of 0.09 nm from Pd, which is nearly the same as the value obtained from the HRTEM 

image, i.e., 0.1 nm Figure 3.11d. Figure 3.11f is the magnified view of Figure 3.11c, where we 

got the angles of Seup- Pd- Seup as 86.6 ° and Sedown- Pd- Sedown as 86.6 °, which is nearly identical 

to the theoretical value Seup- Pd- Seup as 86.59 ° and Sedown- Pd- Sedown as 86.59 ° given in Figure 

3.11g. Figure 3.11h gives the atomic model of side viewed few-layer (5L) PdSe2, whose top view 

is the same as 2L PdSe2 Figure 3.11b. The top view of 2L or more than 2L PdSe2 given in Figure 

3.11b is different from monolayer PdSe2. Figure 3.11i depicts the SAED patterns of PdSe2, which 

exposes a set of lattice orientations where the central maxima capped with an external tip. *a  and 
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*b  are corresponding reciprocal lattice vectors of a  and b  along with x̂  and ŷ  directions, 

respectively. Interestingly, we got reciprocal lattice basis vectors *a = 0.17 x̂  and *b  = 0.16 ŷ . 

It confirms the magnitudes of basis vectors in reciprocal space are different from real space basis 

vectors.  The hklH  (reciprocal lattice vector) = 0.17 nm for (100) and hklH = 0.16 nm for (010). 

The angle between the reciprocal vectors *a  and *b  is 90°. Hence it suggests an orthorhombic 

crystal structure in reciprocal space. STEM image Figure 3.11j with corresponding elemental 

mapping Figure 3.11k, l shows the stoichiometry of each component Pd and Se in as-grown PdSe2. 

The PdSe2 film has an atomic percentage of 37.5% (Pd) and 62.5% (Se), respectively, which 

corresponds to the atomic ratio of about 1:2. In PdSe2, we observed the deficiency of Se atoms is 

due to the Se vacancies exist at the boundary during growth.  

 

3.3.4. Low temperature Raman study 

3.3.4.1.  Spectral shift 

 

Figure 3.12. Temperature dependent Raman spectra for (a) bi-layer and (b) few-layer PdSe2 grown by 

CVD.  
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Low-temperature Raman study has been carried out on CVD-grown bilayer, and few-layer PdSe2 

in the range of 83 K to 295 K. Figure 3.12a, b depicts the low-temperature Raman spectra of 

bilayer and few-layer PdSe2, respectively. We observed a systematic blue shift of characteristic 

Raman peaks in the bilayer and few-layer PdSe2 by decreasing the temperature. The blue shift is 

due to anharmonicity in the lattice vibrations.[47] The Raman spectra are fitted with the Lorentzian 

line shape. Figure 3.13(a-d) and Figure 3.14(a-d) show the variation in Raman peak positions 

with different temperatures for bilayer and few-layer PdSe2, respectively. Lorentzian fit to the 

spectra at three different temperatures (93 K, 153 K, 273 K) are shown in Figure 3.15. To find out 

the value of temperature coefficient α, we use the following equation 3.1, 

𝜔 = 𝜔0 + 𝛼 𝑇      (3.1) 

 

Figure 3.13. Raman shift of (a) 
1

gA , (b) 
1

1gB , (c) 
3

gA , (d) 
3

1gB modes as a function of temperature in bi-layer 

PdSe2. The symbols represent the experimental data, and the solid line refers to the fitted data using 
equation (1).  
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Figure 3.14. Raman shift of (a) 
1

gA , (b) 
1

1gB , (c) 
3

gA , (d) 
3

1gB  modes as a function of temperature in few-

layer PdSe2. The symbols represent the experimental data, and the solid line refers to the fitted data using 
equation (1).  

 

Figure 3.15. Fitted low-temperature Raman spectra for (a) bi-layer and (b) few layer PdSe2 for temperatures 
93 K, 173 K, 253 K. 

TH-3674_196153010



89 | C h a p t e r  3  

 

It gives a correlation between frequency () of Raman mode with temperature (T). 𝜔0 and 𝛼 

represents the frequency at absolute zero temperature and first-order temperature coefficient, 

respectively. From the linear plot we found out the value of first-order temperature coefficient(𝛼) 

-0.00693 ± 0.00058 cm-1K-1, -0.00993 ± 0.00084 cm-1K-1, -0.01300 ± 0.00023 cm-1K-1, -0.01845 ± 

0.000236 cm-1K-1, for 
1

gA , 
1

1gB , 
3

gA , 
3

1gB  modes, respectively, in bilayer PdSe2. In case of few-

layer PdSe2, we calculated the first-order temperature coefficients (𝛼) as -0.00640 ± 0.0007 cm-

1K-1, -0.0080 ± 0.0033 cm-1K-1, -0.0181 ± 0.0007 cm-1K-1, -0.0237 ± 0.0020 cm-1K-1 for 
1

gA , 
1

1gB , 

3

gA , 
3

1gB  modes, respectively.  

 

3.3.4.2.  Anisotropic ratio calculation 

In the literature different techniques (such as optical absorption and Raman scattering) have been 

used to calculate anisotropic ratios. Lu et al. reported the anisotropic ratio upto ~ 1.5 at 600 nm, 

from absorbance peak at a specific wavelength using polarized excitation. [36] Till date, there is 

no report regarding anisotropic ratio calculation using unpolarized laser excitation. Note that in 

case of Raman measurement, we obtained characteristic Raman peaks at one specific wavelength 

excitation. In 1962, Slack theoretically calculated the anisotropy (for T>>1K) in thermal 

conductivity considering 
k⊥

k∥
. Where, k⊥= thermal conductivity along the perpendicular direction, 

and k∥= thermal conductivity along parallel direction.[48] It is significant to understand anisotropy 

with the use of an unpolarized laser excitation. In 2D materials, surface to volume ratio is more 

due to which in plane phonon vibration plays an important role in property change. In case of few 

layer PdSe2, heat can be conducted through Phonon vibrations. 2D PdSe2 is an anisotropic material 

which shows anisotropy in its properties. As the temperature decreases, the vibration of Pd and Se 

atoms decreases due to thermal contraction. But thermal contraction is not same in all directions 

because of its anisotropy. Pi et al demonstrated if the angle is 0˚ then the parallel laser source will 

give 
1

gA  mode whereas cross polarized light will give the 
1

1gB  mode. When we use unpolarized 

laser source we observe both the peaks simultaneously. The deconvolution of Lorentzian line 

shape gives us a new way to find out peak positions of 
i

gA  (parallel polarized) and 1

i

gB  (cross 

polarized) modes. We follow a simple process to calculate anisotropic ratio as follows. The 
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polarizer parallel along the a-axis gives rise to 
i

gA mode, and the polarizer perpendicular to a-axis 

gives 1

i

gB  mode. Due to the use of unpolarized laser light, we witnessed both the modes 

simultaneously with asymmetric peaks. This may be because of crystallographic orientation-

dependent thermal contraction in PdSe2. Due to anisotropy, different crystallographic axes 

experience different temperature coefficients with change in temperature. Similarly, phonon 

transport experiences anisotropic movement due to the anisotropic crystallographic orientation of 

PdSe2. Thus, experimental observation shows with change in temperature, 
1

gA  mode shows less 

overall shift as compared to 
1

1gB  mode. Hence, we can measure the anisotropic ratio for PdSe2 

from the temperature coefficient ratio of slope at 
1

1gB  mode to 
1

gA  mode.  We de-convoluted the 

asymmetric Raman peaks to address these following Raman modes, 
1

gA , 
1

1gB , 
3

gA , 
3

1gB . To 

understand the anisotropic ratio in the as-grown bilayer and few-layer PdSe2, in the first step we 

fitted and de-convoluted the Raman modes (
1

gA , 
1

1gB , 
3

gA , 
3

1gB ) for all the temperatures ranging 

from 93K to 295K. Then, in second step, we plotted Raman shift with corresponding temperatures 

(in Figure 3.13, Figure 3.14). From Slack theory [48], 

                                                                                  k ∝ α 

  
𝑘⊥

𝑘∥
∝

𝛼⊥

𝛼∥
      (3.2) 

Taking care of the phenomena that, polarizer parallel along the a-axis gives
i

gA mode, and the 

polarizer perpendicular to a-axis gives 1

i

gB  mode, we have calculated anisotropic ratio from 
𝛼⊥

𝛼∥
, 

where α⊥ is first order the temperature coefficient when the polarizer perpendicular to a-axis and 

α∥  is the first order temperature coefficient  when the polarizer parallel to a-axis. We have 

calculated 
𝛼⊥

𝛼∥
 ,directly from the fitted de-convoluted Raman modes (

1

gA , 
1

1gB , 
3

gA , 
3

1gB ). 
𝛼⊥

𝛼∥
 give 

anisotropic ratios of 1.43 and 1.41 for bilayer PdSe2 and 1.25 and 1.30 for few-layer PdSe2. 
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3.3.4.3.  Variation of temperature coefficient with layer number 

Finally, we acquired a large linear ratio of 
𝛼⊥

𝛼∥
, which gives us a layer-dependent variation of 

anisotropic ratio from 1.25 (for few-layer) to ∼1.43 (for bilayer). Due to its exceptional anisotropic 

ratio, there is a wide variation in the temperature coefficient from -0.0064 cm-1K-1 to -0.0237 cm-

1K-1 (which is the variation from 2L to 5L). A wide variation in temperature coefficient is expected 

because of the low symmetry in PdSe2 crystals. A comparison table of temperature coefficient 

mentioning growth methods with other 2D materials is shown in Table 3.4. 

Table 3.4. Comparison of temperature coefficients of Raman modes in different 2D materials grown by 
different techniques. 
 

Material Growth method Raman mode Temperature coefficient 

(cm-1. K-1) 

Reference 

 

 

2L PdSe2 

 

 

CVD 

1

gA  
-0.00693 ± 0.00058  

 

This Work 1

1gB  
-0.00993 ± 0.00084 

3

gA  
-0.01300± 0.00023 

3

1gB  
-0.01845 ± 0.00236 

 

 

5L PdSe2 

 

 

CVD 

1

gA  
-0.00640 ± 0.0007  

 

This Work 1

1gB  
-0.00800 ± 0.0033 

3

gA  
-0.01810 ± 0.0007 

3

1gB  
-0.02370± 0.0020 

 

2L PtS2 

 

 

CVD 

2

1gA  
-0.0032  

 

[39] 1

gE  
-0.00335 

 

6L PtS2 

2

1gA  
-0.00314 

1

gE  
-0.003 49 

1L WSe2  

 

Mechanical 

exfoliation 

1

2gE  
-0.0187 ± 0.0022  

2L WSe2 1

2gE  
-0.0147 ± 0.0019 [8] 

3L WSe2 1

2gE  
-0.0132 ± 0.0004 

1L MoSe2  

 

Mechanical 

exfoliation 

1

gA  
-0.0111 ± 0.0005 [7] 

2L MoSe2 1

gA  
-0.0095 ± 0.0004 

1L MoS2 1

gA  
-0.0167 ± 0.0007 
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2L MoS2 1

gA  
-0.0139 ± 0.0003 

1L MoS2  

 

 

 

CVD 

1

2gE  
-0.0114 [44] 

1

gA  
-0.0132 

2L MoS2 1

2gE  
-0.0117 

1

gA  
-0.0121 

Multilayer 

MoS2 

1

2gE  
-0.0135 

1

gA  
-0.0125 

1L WS2  

 

CVD 

1

2gE  
-0.0125  

 

[9] 1

gA  
-0.0149 

2L WS2 1

2gE  
-0.0133 

1

gA  
-0.0121 

10L MoS2 CVD 1

2gE  
-0.0132 [38] 

gA  -0.0123 

 

We further correlated temperature coefficient with layer number extracted from different Raman 

modes for CVD grown and exfoliated TMDs and NTMDs, as shown in Figures 3.16a, b. In case 

of CVD synthesized TMDs and NTMDs, as we go from monolayer to few-layer, the temperature 

coefficient decreases for all out-of-plane Raman modes, whereas it increases for all in-plane 

Raman modes. For mechanically exfoliated TMDs, as the layer number increases temperature 

coefficient decreases for all the Raman modes. Interestingly, layer-dependent temperature 

coefficient variation in CVD synthesized TMDs is much lower than the exfoliated TMDs. In the 

case of exfoliated TMDs, the variation of temperature coefficients is more than that of CVD 

synthesized TMDs. In contrast, the variation of temperature coefficients is much higher in CVD 

synthesized PdSe2, which might be attributed to the lower interlayer separation (0.38 nm) 

compared to TMDs (~ 0.62 nm). It may lead us to believe that the layer-dependent variation of 

temperature coefficient for exfoliated PdSe2 might be lower than that of CVD-grown PdSe2. In 

contrast with other TMDs, the temperature coefficients of PdSe2 are proportional to layer number 

for 
3

gA  and 
3

1gB  modes and inversely proportional to 
1

gA , 
1

1gB  modes. It may originate from the 

vibration of anisotropic atomic arrangement.  
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Figure 3.16. (a) CVD synthesized TMDs and NTMDs; a plot of temperature coefficients for different Raman 
modes. [9, 39, 44]  (b) Mechanically exfoliated TMDs; a plot of temperature coefficients (α) for different 
Raman modes.[7, 8] (c) Schematic representation of relation between α with layer number (nL) for CVD and 
exfoliation grown TMDs and NTMDs. 

A relation between temperature coefficient (α) with layer number (L) has been depicted in Figure 

3.16c to summarize our observation. 1L PdSe2 consists of 2 sets of inclined mini-planes shown in 

Figure 3.17 which actually acts as Pd-Se planes. 1, 2, 3, 4, 5 are the Pd-Se planes where 2 sets of 

planes exist. 1, 3, 5 Pd-Se planes are one set of parallel planes and 2, 4 are another set of parallel 

planes. From yellow shaded region in Figure 3.16a, we can notice that for all in-plane modes (

1

2gE  for MoS2, 
1

2gE for WS2 , and 
1

gE for PtS2), the temperature coefficients are directly 

proportional to layer numbers. In as-grown PdSe2,
3

gA  and 
3

1gB  modes are directly proportional to 

layer numbers. From cyan shaded region in Figure 3.16a, we can notice that for all out-of-plane 

modes (
1

gA  for MoS2 and WS2, 
2

1gA  for PtS2), the temperature coefficients are inversely 

proportional to layer number. Likewise, for our as-grown PdSe2, the temperature coefficients of 

1

gA  and 
1

1gB  modes are inversely proportional to layer numbers. It suggests that
1

gA  and 
1

1gB  modes 
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basically behave like out-of-plane modes in the mini-planes of PdSe2, as depicted in Figure 3.17a, 

b. 
3

gA  and 
3

1gB  modes actually behave like in-plane modes in the mini-planes of PdSe2 shown in 

Figure 3.17d, e.  

 

Figure 3.17. (a) Schematic illustration atomic arrangements (side-view) in monolayer PdSe2. 1, 2, 3, 4, 5 

are the Pd-Se planes. Schematic representation of (b)
1

1A  vibrational mode, (c)
1

1gB  vibrational mode, (d)
3

gA  

vibrational mode, (e)
3

1gB  vibrational mode in monolayer PdSe2. 

 

3.3.4.4.  Linewidth 

In Figure 3.18a, b linewidth (FWHM) variation of 
3

gA  Raman mode with increasing temperature 

for bi-layer and few-layer PdSe2 has been displayed. We have performed an in-depth analysis of 

Raman modes to interpret the broadening of linewidth of the
3

gA  mode of bi-layer and few-layer 

PdSe2. The broadening in linewidth () occurs mainly due to the anharmonic effect caused by 

three and four phonon processes.[49] The broadening with three and four phonon processes can 

be described using the following model, [10] 

𝛤(𝑇) = Γ0 + 𝑎 [1 +
2

𝑒𝑐/2𝑇−1
] + 𝑏[1 +

3

𝑒𝑐/3𝑇−1
+

3

(𝑒𝑐/3𝑇−1)
2]   (3.3) 

In equation 3.3, Γ0 is FWHM of the Raman peak at absolute zero temperature, 𝑐 =
ℏω

kB
  , and a, b 

represent second and third-order anharmonic constants, respectively.[10] 
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Figure 3.18. Temperature dependence of FWHM of 
3

gA  mode in (a) bilayer, (b) few-layer PdSe2. The 

symbols represent the experimental data, and the solid line refers to the fitted data using equation (3)  

Equation (3) fits the variation of FWHM with temperature for three phonon decay process shown 

in Figure 3.18a, b. The FWHM of 
3

gA  Raman peak at absolute zero temperature as 4.1 cm-1 and 

3.1 cm-1 for bilayer and few-layer PdSe2, respectively. It suggests that at low-temperature 

crystallinity of PdSe2 increases as well as phonon dispersion decreases. The values of the second 

and third-order constants in 
3

gA  mode are -0.88 ± 0.37 and 0.327 for bilayer, -2.21± 0.5 and 0.98 

for few-layer PdSe2, respectively. Phonon lifetime has been calculated by using the equation

01/   , where 0  is linewidth in frequency scale. We obtained the phonon lifetime as 3.4 ps 

and 2.6 ps for bilayer and few-layer PdSe2, respectively. 

 

3.3.4.5.  Temperature-dependent Raman intensity 

Next, we study the temperature variation of Raman intensity of different Raman modes in the 

bilayer and few-layer PdSe2. Figure 3.19 (a-c) and Figure 3.19 (d-f) show the Raman intensity 

vs. temperature plot for 
1

gA , 
3

gA , 
3

1gB  Raman modes for bilayer and few-layer PdSe2, respectively. 

It is noticeable that all the Raman modes follow the usual trend (intensity decreases with increasing 

temperature) in the range 83 K to 130 K except the 
3

1gB  mode (for bilayer PdSe2). The 
3

1gB  mode 
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shows anomalous behaviour above 130 K, i.e., Raman intensity does not decrease with an increase 

in temperature. For 
1

gA ,
3

gA  modes, intensity increases in the temperature window 130 K to 220 K, 

which is not only related to anharmonicity from phonon-phonon scattering but also probably 

caused by surface defects, e.g., vacancies. After 220 K, again, it tends to follow the expected 

behaviour for 
1

gA , 
3

gA  modes. Interestingly, the slope of the Raman intensity vs. temperature plot 

is significantly less for few-layer PdSe2 than bilayer PdSe2.  

 

Figure 3.19. Temperature variation of Raman intensity for the characteristic (a)
1

gA ,(b)
3

gA ,(c)
3

1gB  modes 

in bilayer PdSe2, (d)
1

gA ,(e)
3

gA ,(f)
3

1gB  modes in few-layer PdSe2. The symbols represent the experimental 

data, and the cyan-shaded area represents the typical anomalous behaviour.  

This may arise due to the lower thickness leading to more in-plane anisotropy, which lacks the 

phonon-phonon interaction expected due to inter-layer phonon-phonon coupling. As the 

temperature increases, 
3

1gB  mode started playing an important role. When temperature increases, 

the intensity of the 
3

1gB  mode increases at a higher rate, leading to 
3

1gB  modes more sensitive and 

reactive to the surface. Interestingly, as the layer number increases to 5L, the increasing trend of 
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the 
3

1gB mode decreases. It reveals that as we go from few-layer to multilayer, the effect of 
3

1gB  

mode decreases. This confirms that surface defects are more dominant in the bi-layer sample and 

they weaken in multilayer samples because of the reduced surface-to-volume ratio. Within the 

temperature window, 83 K-130 K, when the temperature increases, phonon-phonon interaction 

between the layers increases due to phonon decay experienced by the system, which is causing in 

lowering the intensity and increasing the FWHM in the respective system. The usual trend of 

intensity variation can be understood by the Bose-Einstein distribution model, given in equation 

3.4, 

𝜂(𝜔, 𝛵) = 1/[𝑒𝑥 − 1]     (3.4) 

Where 𝜂(𝜔, 𝛵) is the Bose-Einstein distribution function in the vibrational state and 𝑥 =
ℏω

kBT
. [50]. 

In case of bilayer and few-layer PdSe2, with decreasing temperature, the intensities of 
1

gA , 
3

gA  

modes increase indicates a decreasing  𝜂(𝜔, 𝛵) value. At low temperature, detector captures more 

scattered photons having same frequency due to less vibrational states. It introduces additional 

counts in a particular Raman mode which leads to intense Raman peaks. However, the usual trend 

is limited to a specific temperature range in CVD-grown PdSe2 because of its ubiquitous, highly 

anisotropic nature. 

 
 

3.3.4.6.  Thermal conductivity:  

The excitation power-dependent Raman investigation is carried out on CVD-grown 2D PdSe2 

layer in a suspended state to determine its thermal conductivity. We use a 532 nm laser as an 

excitation source in power-dependent Raman spectroscopic measurement. Perfect laser power has 

a key impact on the micro-Raman experiment because laser exposure generates a central heat 

which can cause damage in the sample.[38] A supported few-layer PdSe2 is not a good choice for 

finding the thermal conductivity due to the dissipation of laser-induced local heat to the substrate, 

which can lead to erroneous result. To affirm that the spectral shift in as-synthesized PdSe2 is non-

linear in the supported state, we first carried out the power-dependent Raman measurement in the 

supported state.  A schematic of power-dependent Raman measurement on CVD grown suspended 

layered PdSe2 is presented in Figure 3.20a.  
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Figure 3.20. (a) Schematic of excitation power-dependent Raman measurement on suspended few-layer 
PdSe2. (b) Laser power-dependent Raman spectra of suspended few-layer PdSe2. Corresponding Raman-

shift for (c) 
1

gA  and (d) 
3

gA modes with laser power. Solid line indicates the linear fit. 

Figure 3.20b shows the power-dependent stacked Raman spectra for suspended PdSe2 film. Laser-

induced heat is conducted entirely through the suspended PdSe2 film, which further contributes to 

thermal conductivity. The thermal conductivity of few-layer PdSe2 can be calculated using the 

following equation 3.5, 

𝑘 =
1

2𝜋ℎ
𝛼 (

ⅆ𝜔

ⅆ𝑃
)

−1
     (3.5) 
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where we considered the laser spot transporting heat radially outward from the centre of the spot, 

and ⅆ𝜔  is a shift in the frequency caused by varying the power, and 'h' is the height of the 

suspended PdSe2 film. To estimate the thermal conductivity of suspended layered PdSe2, we have 

extracted laser power dependence of Raman spectra by Lorentzian line-shape fitting. With the 

increase in excitation intensity, a systematic redshift in Raman peak position was discerned. 

Notably, broadening line width in Raman peak of layered PdSe2 is due to increase in the lasing 

intensity which is caused by the localized heat-induced by the laser. Induced localized heat extends 

more phonon-phonon interaction in the system which leads to higher intensity in the Raman 

modes. [50] The shift of the 
1

gA , 
3

gA  peak positions with the increase in incident laser power is 

displayed in Figure 3.20c, d respectively. Redshift in Raman mode peak positions with ascending 

power is due to thermal conduction in the suspended PdSe2. From the slope, we found the values 

of ⅆ𝜔/ ⅆ𝑃 as -0.05379 ± 0.00118 cm-1.W-1 and -0.06876 ± 0.00242 cm-1.W-1 for 
1

gA  and 
3

gA  

modes, respectively. 

 

 

Figure 3.21. Low-resolution TEM image of suspended flakes on Cu grid. The scale bar is 10 m. 

Note that a laser induced damage witnessed during spectroscopic measurement at comparatively 

lower temperature in the suspended state compared to supported state. It may be due to the quiker 

heat dissipation in supported state. At suspended state, laser-induced damage in few-layered PdSe2 
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observed at power >110 W. A low-resolution TEM image of suspended CVD grown layered 

PdSe2 on the Cu grid is shown in Figure 3.21.  

 

 

Figure 3.22. (a) Laser power-dependent Raman spectra of suspended bi-layer PdSe2. Corresponding 

Raman shifts for (b) 
1

gA  and (c) 
3

gA modes with laser power. Solid line indicates the linear fit. 

In-plane thermal conductivity (k) of CVD-grown few-layer PdSe2 can be estimated using the 

equation (5), by considering the height of few-layer PdSe2 flake ~3nm, the value of first-order 

temperature coefficient (𝛼) as - 0.0064 ± 0.0007 cm-1K-1, - 0.0181 ± 0.0007 cm-1K-1 and value of 

dω/dP as -0.05379 ± 0.00118 cm-1.W-1 and -0.06876 ± 0.00242 cm-1.W-1for 
1

gA  and 
3

gA  modes, 

respectively. Thus, the thermal conductivities calculated from 
1

gA  and 
3

gA  of the few-layer PdSe2 

sample using equation (5) are ~ 6.3  0.8 W/m.K and 13.9  1.0 W/m.K. The variation in estimated 

thermal conductivity from two different modes may be due to the highly in-plane crystal 

anisotropic nature of PdSe2.  
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Table 3.5. Comparison of thermal conductivity of different 2D materials grown by different techniques. 

 

Material Growth 

method 

Thermal 

conductivity 

(W/m.K) 

Mode Reference 

1L Graphene Mechanical  

exfoliation 

~ 5300 Suspended in microwells (3 m) 

on SiO2/Si substrate 

[4] 

1L BN Mechanical 

exfoliation 

~ 751 Suspended in microwells (2 m) 

on SiO2/Si substrate 

[5] 

2L BN ~ 646 

5L BN ~ 602 

Few layer (~11L) 

MoS2 

CVD ~ 52 Suspended on Cu grid [38] 

1L WS2 CVD ~ 32 Suspended in microwells (6m)   

on SiO2 substrate 

[9] 

2L WS2 ~ 53 

1L MoSe2 Mechanical 

exfoliation 

~ 59 ± 18  Suspended in microwells (4m)   

on SiO2 substrate 

[7] 

2L MoSe2 ~ 42 ± 13 

1L WSe2 Mechanical 

exfoliation 

~ 37 ± 12 Suspended in microwells (1m) 

on SiO2 substrate 

[8] 

2L WSe2 ~ 24 ± 12 

3L WSe2 ~ 20 ± 6 

Few layer (~11L) BP Mechanical 

exfoliation 

~ 10 Suspended in microwells on SiN 

substrate 

[6] 

Few layer (~17L) BP ~ 40 

Few-layer (~5L) InSe CVD ~ 53.4 Suspended in microwells (10m)   

on Si3N4/Si substrate 

[53] 

1.62 nm (~ 3L) PdSe2 Mechanical 

exfoliation 

~ 10.95 

~ 15.58 

Suspended in microwells (6m)   

on Si3N4/Si substrate 

[45] 

7.2 nm (~ 12L) PdSe2 ~ 25.35 

~ 28.45 

Few layer (~5L) 

PdSe2 

CVD ~ 10.1 Suspended in Cu grid (63m) This work 

 

Thus, an estimated average thermal conductivity of few-layer PdSe2 is 10.1 W/m.K. Similarly, 

calculated thermal conductivity for bilayer PdSe2 is 38.7 ± 5.4 W/m.K, 34.9 ± 1.7 W/m.K (fitting 

details for power dependent analysis is shown in Figure 3.22, where, first-order temperature 

coefficient (𝛼) as -0.00693 ± 0.00058 cm-1K-1, -0.01300± 0.00023 cm-1K-1 and value of dω/dP as -
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0.020380 ± 0.00122 cm-1.W-1 and -0.04232 ± 0.00131 cm-1.W-1 for 
1

gA  and 
3

gA  modes, 

respectively). Thus, it gives average thermal conductivity of bilayer PdSe2 is 36.8 W/m.K. Note 

that, as the intensities of all Raman modes are very low, we have fitted the peaks with only A 

modes due to the negligible contribution of B modes. A comparison table with growth methods 

and thermal conductivity measurement techniques of conventional 2D materials is given in Table 

3.5. In Table 3.5, all reported thermal conductivities of 2D materials are measured in suspended 

mode with microwells having sizes ranging between 1 m to 10 m. However, in the present case, 

we used a Cu grid with microwell size 63 m to support the PdSe2, which is very large compared 

to other studies.Due to larger microwell size, laser induced heat in dissipated only through the 

PdSe2 layer, and thus the damage in the sample caused by increasing laser power is very rapid as 

compared to the smaller microwell case, where the heat dissipation may be faster.  

 

 

Figure 3.23. Comparison of thermal conductivity of PdSe2 with other conventional 2D materials for different 
layer numbers.[1-6]The consecutive cartoon illustration reflects the thermal conductivity relationship with 
layer number for CVD grown and exfoliated isotropic and anisotropic 2D materials. 

A comparison plot of thermal conductivity of different 2D materials as a function of layer number 

is shown Figure 3.23. Most of the 2D TMDs (such as MoSe2, MoS2, WS2, WSe2) show isotropic 
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behaviour due to high crystalline symmetry [14, 51, 52] whereas there are some materials show 

anisotropic behaviour (such as BP, PdSe2).[6, 31] As the layer number increases, we may notice 

that thermal conductivity decreases for exfoliated isotropic 2D materials (
1

Ln
  ), and as the layer 

number increases, the thermal conductivity increases for CVD grown isotropic 2D materials (

Ln  ). But anisotropic 2D materials show just the reverse trend. As layer number increases, the 

thermal conductivity increases for anisotropic exfoliated 2D materials, ( Ln  ) which is just the 

reverse of other isotropic 2D materials. From our work, we may notice that thermal conductivity 

decreases with increase in layer number i.e. 
1

Ln
   (since few-layer PdSe2, is 10.1 W/m. K and 

for bilayer PdSe2 it is 36.8 W/m. K). As layer number increases, the thermal conductivity decreases 

for anisotropic CVD grown 2D materials ( Ln  ), which is just the reverse of other isotropic 2D 

materials. Economically low-temperature CVD is a favorable, convenient, and environment-

friendly technique compared to high-temperature CVD, which can bloom its empire in industrial 

applications. When it comes to coating a large surface area, only the CVD is a versatile tool to 

provide large single domain sizes, chemically uniformity, structural uniformity, and a protective 

coating. Thus, the low-temperature CVD grown PdSe2 paves the way to be one of the low thermal 

conductive materials for application purposes. Very recently, Chen et al. reported the 'k' value of 

exfoliated few layer PdSe2 flakes, whose variation of thermal conductivity with layer number is 

just the reverse way of our CVD grown PdSe2.[45] It might be due to the variation in crystal quality 

in CVD grown and exfoliated PdSe2. In addition, we elaborated FWHM broadening and adopted 

a more straightforward calculation to estimate the k value in CVD grown PdSe2. Note that we used 

an unpolarized laser source for all the measurements, and we were able to evaluate the anisotropy 

for the bilayer, and few layer PdSe2 in a simpler, yet powerful way.  

 

3.4. Conclusion 

There exists a wide variation of temperature co-efficient in CVD- grown PdSe2 from temperature-

dependent Raman measurement with an unpolarized laser source. Our work reveals that evaluating 

the Raman temperature co-efficient is an alternative approach to find the anisotropic ratio in PdSe2 

using an unpolarized laser. Using unpolarized laser source, the calculated anisotropic ratios for 
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bilayer and few-layer are 1.42 and 1.28 respectively. We have interpreted temperature-dependent 

Raman spectral linewidth of bilayer and few-layer CVD-grown PdSe2 using an anharmonic 

phonon decay process. We revealed that the usual trend of intensity variation with temperature in 

the range 83 K - 130K and anomalous nature at >130 K for all the characteristic Raman modes. At 

room temperature, the estimated thermal conductivity is ~36.8 W/m. K and ~10.1 W/m. K for bi-

layer and few-layer (~5L) PdSe2. These results are crucial for exploration of temperature 

dependent phonon modes and intuitions of phonon-phonon and electron-phonon couplings in 2D 

NTMDs. 
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Chapter 4 - Evidence for intrinsic defects and nanopores as 

hotspots in 2D PdSe2 dendrites for plasmon-free SERS 

substrate with a high enhancement factor 

Surface-enhanced Raman spectroscopy (SERS), a very powerful tool for the identification of 

molecular species, has relied mostly on noble metal-based substrates to obtain a high enhancement 

factor. In this chapter, we demonstrate that intrinsic defects in 2D PdSe2 dendrites act as hotspots 

for high SERS enhancement. We grow 2D dendritic PdSe2 with ample intrinsic defects to exploit 

it for SERS application. XPS analysis reveals 9.3% outer layer and 4.7% interior Se vacancies. A 

detailed examination of atomic-scale defects revealed Se vacancy (VSe) coupled with Se-Pd-Se 

vacancy (VSe-Pd-Se) in monolayer PdSe2, and an array of line defects and nanopores in bilayer PdSe2 

dendrites. Our studies reveal that Se vacancy-rich PdSe2 gives rise to line defects that act like 

hotspots for SERS enhancement. Remarkably, the vacancy-rich dendritic PdSe2 shows a SERS 

enhancement factor >105 and can detect RhB at a concentration down to 10−8 M. We speculate 

that the topological line defects and the edge construction in PdSe2 dendrites act as metallic edge, 

which is partly responsible for the high enhancement in the SERS signal. The high SERS 

sensitivity is explained on the basis of multiple charge transfer processes combined with the 

predicted metal-like behavior of the defected 2D PdSe2.  

4.1. Introduction 

Recently, a new family of two-dimensional (2D) materials, namely noble transition metal di-

chalcogenides (NTMDs) with atomic thickness, has received significant attention due to their 

unique properties, including thickness-dependent tunable-bandgaps that has potential for various 

optoelectronic applications.2-7 PdSe2 is one of the promising NTMDs due to its low symmetry 

lattice structure with highly tunable bandgap from 0 eV (bulk) to 1.43 eV (monolayer), high carrier 

mobility, high air stability with monolayer thickness ~0.5 nm. 8-10 PdSe2 shows many distinctive 

properties, such as in-plane anisotropic properties similar to black phosphorus (BP).11 BP has been 

reported as a very promising material in nanotechnology.12 However, poor stability in ambient 

conditions limits its application in various fields.13 We anticipate that 2D PdSe2 may replace the 

BP in many fields due to its in-plane anisotropy with high stability in ambient conditions.   
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For years on end, it was believed that defects would be structurally unstable in 2D crystals 

according to the Mermin-Wagner theorem.14 Defect field traced a new trajectory when graphene 

layer was exfoliated and isolated in 2004.15 Structural defects, including edges and point defects, 

have a significant influence on mechanical, thermal, optical, electrical properties in graphene and 

transition metal di-chalcogenides (TMDs). Physiochemical properties of monolayer and few-layer 

graphene are dependent on the defect type, defect environment, and arrangements.16 Edges have 

been shown to weaken the mechanical strength and degrade the electronic performance of 

graphene.17 It is reported that PdSe2 exhibits strong interlayer interactions, which are associated 

with defects.18,19 Recently, theories predicted that PdSe2 with Pd as well as Se vacancies are stable 

and Se vacancies are more energetically favorable than Pd vacancies.20 However, the experimental 

evidence for the same has rarely been reported. In case of dendritic PdSe2, the presence of dendritic 

edges gives rise to different Pd and Se terminations with different zigzag and armchair edges. 

However, defects in PdSe2 have rarely been explored compared to that in graphene and other 

TMDs.9,21-24 

It is well known that defects and edges are beneficial for several applications; for example, 

defects are essential in creating bonding and trapping sites for atoms and molecules, which can be 

used for sensing applications.25 In recent years, it has been reported that a non-SERS substrate can 

show SERS activity only by introducing defects.26-28  This motivates us to exploit the defects in 

2D PdSe2 for possible application in SERS. Conventionally, high SERS activity mainly appears in 

hotspots of plasmonic noble-metal materials (mostly Au and Ag). 29-35 However, there are many 

drawbacks of plasmonic-based SERS such as they require a well-designed hot spot, high cost, poor 

biocompatibility, low stability, which limits its applications in routinely used commercial 

products.36 In comparison to traditional plasmonic-metal based SERS, plasmon-free SERS 

substrates have attracted tremendous attention due to their excellent stability, low price, 

recyclability, superior biocompatibility, and many promising applications in the field of 

biomedical diagnosis37, metal ions and organic pollutant sensing38, monitoring in chemical 

reactions. At present, there exists a big gap between plasmonic SERS substrate and plasmon-free 

SERS substrate, as plasmonic SERS substrate often shows higher enhancement factors. Though 

SERS has been a very active area of research for decades, it remains challenging to reproduce 

plasmon-free SERS substrates with a high enhancement factor (EF).39 To our knowledge, no report 

contributed to the high SERS activity of 2D PdSe2 dendrites enriched with intrinsic defects. Like 
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SERS, in the field of nanopore sensing techniques, there is intense research to achieve nanopores 

in 2D material (graphene40, TMDs41, boron nitride30,42 , black phosphorus43, etc.) instead of solid-

state nanopores and biological nanopores due to their superior characteristics. 33,44. To our 

knowledge, there is no experimental report on the properties and applications of intrinsic defects 

and nanopores in 2D PdSe2.  

 

4.2. Experimental details 

4.2.1. Low-temperature CVD growth of PdSe2 dendrites: 

All Precursors were purchased from Sigma Aldrich and used for experiments without further 

purification. We adopted a novel synthesis technique with a slight addition of NaCl to obtain 

dendritic PdSe2.45 Briefly, we followed a two-step process, (i) PdCl2 solution preparation (with 

adding a small amount of NaCl) and (ii) relatively low-temperature chemical vapor deposition. 

Firstly, we dissolve PdCl2 powder (99.999%, 27 mg) in Mili Q water. When the powder was 

dissolved entirely, NaCl was added and stirred to dissolve completely. Then it is kept for a few 

hours for further use in CVD. Secondly, the solution is drop-casted on the freshly cleaved mica 

substrate and heated on a hot plate in atmospheric conditions to use as a CVD substrate. To conduct 

the CVD process, a single-zone tube furnace was used. Then, the as-prepared substrate was 

inserted into the quartz tube and placed at the lower temperature zone. At the center of the tube, 

Se precursors were kept. A rotary pump was used to evacuate the quartz tube, and Argon was 

purged with 300 sccm to pump out other residues from the tube. Then the furnace temperature was 

elevated to 450 ℃ to vaporize the Se precursor, and a flow rate of 110 sccm was introduced to 

carry the precursor to the substrate for nucleation and growth of PdSe2 film.  

 

4.2.2. SERS measurement 

Water solutions of RhB were prepared with different concentrations through diluting sequentially. 

Further, it was drop-casted over the CVD-grown PdSe2 dendrites and kept for a few minutes to 

soak up the RhB molecule completely. An excitation source of 532 nm equipped with the Raman 

instruments (LabRam HR800, Jobin Yvon) was used to obtain the SERS spectra on PdSe2.  
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4.2.3. Sample preparation for TEM characterization 

The as-prepared samples were transferred to the TEM grid following our previous report.45 In 

short, PMMA based transfer process has been conducted. First, PMMA was spin-coated on the 

PdSe2 dendrites, followed by drying. After that, it was immersed into a KOH solution till the lift-

off of PMMA/PdSe2 from mica substrate. Further, it was dipped into deionized water. Then the 

floated PMMA/PdSe2 was scooped with the carbon-coated Cu-grid (300 mesh, pacific grid, USA). 

After that, it is rinsed with acetone to remove PMMA, followed by IPA cleaning.  

 

4.2.4. Characterization Technique 

The structural morphology is obtained using field emission electron microscopy (FESEM, Sigma, 

Zeiss). The as-grown sample thickness was estimated via atomic force microscopy (AFM) 

(Cypher, Oxford Instruments) in non-contact mode scanning. KPFM measurement was performed 

on conducting surface (ITO coated glass) with Ti/Ir coated silicon tip in the AFM instrument 

above. The high magnification surface morphology of dendritic PdSe2 has been carried out by a 

transmission electron microscope (TEM) (JEOL-JEM 2010 operated at 200 kV). The samples for 

TEM analysis have been prepared on a carbon-coated Cu grid of 300 mesh size (Pacific Grid, 

USA). The crystallinity in the as-grown PdSe2 flakes has been studied by high-resolution micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) with an excitation wavelength (λex) of 532 

nm (Ar ion laser). The excitation laser light was focused with a 100X objective lens to a spot size 

of 1 μm, with a laser power of 1.5 mW, which discards the possibility of laser heating-induced 

damage. A charge-coupled device equipped with the same system collected the signal in a 

backscattering geometry sent through a multimode fiber grating of 1800 grooves mm−1. Micro-PL 

in PdSe2/RhB and RhB have been conducted in the Raman instrument with 532 nm laser excitation. 

X-ray photoelectron spectroscopy (XPS) measurement was executed using a PHI X-tool 

automated photoelectron spectrometer (ULVAC-PHI, Japan) with an Al Kα x-ray beam 

(1486.6 eV) at 20 kV, 84 W for the analysis of the chemical compositions. NIR PL has been taken 

with laser excitation 641 nm with a power of 50 mW. Confocal microscopy imaging was 

performed with 488 nm laser excitation (Zeiss LSM 880). 
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4.3. Computational Methods: 

The calculation of the electronic properties of the bilayer PdSe2 without and with line defects were 

performed within the framework of DFT, including van der Waals (vdW) correction with a plane-

wave basis set using Quantum ESPRESSO software 64-66. The core electrons were described using 

the projector-augmented-wave (PAW) pseudopotentials 67, and the exchange-correlation potential 

was estimated using the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof 

(PBE)68 functional. To model the Se defect in 2L PdSe2 structures were built by a periodic slab 

geometry with a vacuum of 20 Å along the Z-direction. Subsequently, the upper Se-atom present 

in the upper layer of the slab was removed from the unit cell and obtained the desired structure 

(defective 2L PdSe2). The optimized lattice constants of the unit cell of  defective 2L PdSe2 were 

a = 5.72 Å and b = 5.80 Å which are slightly lower than those of pristine 2L PdSe2 (a = 5.75, and 

b = 5.87 69).  Using a convergence test, a 12×12×1 k-point sampling was employed with cut-off 

energy of 680 eV. Additionally, the band structure as well as the DOS of the defective 2L PdSe2 

were calculated using the HSE06 exchange hybrid functional as it provides a more accurate 

description of the band structure 70. Then 3×3×1 supercells of pristine 2L PdSe2 and defective 2L 

PdSe2 were constructed with k-point sampling 8×8×1.  To achieve self-consistency, a force of 10-

2 eV/Å was employed.  

 

4.4. Results and Discussion 

4.4.1. Structure and morphology of dendritic PdSe2 

The control of layer number in dendritic growth is crucial in 2D material’s synthesis. Controlled 

growth of 2L and 1L is obtained via low-temperature CVD technique with minor modification. 

Figure 4.1a illustrates the FESEM micrograph of the 2L PdSe2 dendrites grown on the freshly 

cleaved mica substrate, which is enlarged (Figure 4.1a inset) for better visualization. The average 

width of 2-4 m was mostly grown over the mica substrate. The PdSe2 dendrites begin from the 

dendritic zone and move along the b direction. Dendritic PdSe2 extends up-to few tens of 

micrometers mostly along b direction, as confirmed in a later section. There exists an inter-

dendritic region in-between 2L edges of bilayer PdSe2, which is barely visible from the magnified 

FESEM micrograph (inset Figure 4.1), yellow marked in the inset of FESEM micrograph). 
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Figure 4.1. (a) FESEM image of 1L and 2L PdSe2. The inset depicts the magnified view with dendrite 

propagation direction (along a-axis and b-axis). (b) AFM image with height profile of 2L (~1 nm), 1L (~0.5 

nm) PdSe2, respectively. (c) Stacked Raman spectra with Lorentzian fit for 1L and 2L PdSe2, where symbols 

represent raw data and solid lines show fitted spectra. (d-e) XPS spectra of  PdSe2 dendrites for (d) Pd 3d 

and (e) Se 3d, with shirley baseline fitted spectra. (f) NIR photoluminosence spectrum of PdSe2 dendrites 

with Gaussian fitting.  

Later, 1L PdSe2 islands in the inter-dendritic region are confirmed from Raman and TEM analyses. 

Atomic force microscopy (AFM) was employed to evaluate the detailed edge morphology with 

the thickness of the PdSe2 layer. Figure 4.1b shows the AFM image of PdSe2 dendrites. AFM 

height profile analysis reveals a thickness of ~1 nm in the higher contrast region, whereas for 

regions in between two dendrites, it is ~ 0.5 nm. The consistency of contrast or height over the 

large area concludes the uniform growth of dendrites. Interestingly, the thickness of 1 nm 

corresponds to bilayer (2L) PdSe2, and ~0.5 nm corresponds to monolayer.46 From the AFM image, 

we observe a highly rough surface of the PdSe2 layer (estimated RMS roughness is ~0.5 nm ), 

indicating its vacancy-contained mono and bilayer dendrite. Figure 4.1c shows the stacked Raman 

spectra of 1L and 2L PdSe2 with Lorentzian line-shape fitting. The fitting parameters are presented 

in Table 4.1.  
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Table 4.1. Lorentz fitting parameters of Raman spectra of 1L and 2L PdSe2 of Figure 4.1c 

 1L 2L 

Raman modes Peak position 

(cm-1) 

FWHM (cm-1) Peak position 

(cm-1) 

FWHM (cm-1) 

1

gA  147.4 5.6 146.4 4.0 

1

1gB  152.3 14.4 150.0 8.9 

3

gA  262.3 10.7 259.5 6.5 

3

1gB  268.5 14.1 265.6 14.9 

 

As the excitation source is unpolarized, we deconvoluted the highly intense peak 1 1

1g gA B−  and 

3 3

1g gA B−  to understand the individual contribution of 1

gA , 1

1gB , 3

gA , 3

1gB  modes.45 1

gA  peak position 

(146.6 cm-1) in 2L PdSe2 is redshifted (1 cm-1) compared to 1L 1

gA  peak position  (147.4 cm-1). It 

is obvious that a change in layer number leads to a change in phonon propagation behavior in the 

PdSe2. As the layer thickness shrinks, the scattered photon carries higher energy due to the 

relaxation in the Van der Waal stacked layers in PdSe2. In addition, 3

gA  mode peak positions are 

259.7 cm-1 for 2L and 262.3 cm-1 for 1L. The downward peak shift in 3

gA  mode is 2.6 cm-1 for the 

same reason. FWHM of peak 1

gA  and 3

gA  modes are 5.6 cm-1 and 10.7 cm-1 in 1L and 4.0 and 6.5 

cm-1 in 2L, respectively. The increase in FWHM for 1L compared to 2L may be attributed to the 

cumulative effects of higher surface defects with the decrease in layer number.  

 

To understand the surface property, we further carried out XPS measurements. Figures 

4.1d and 4.1e show the Pd 3d and Se 3d high-resolution spectra with Gaussian peak fitting (Shirley 

baseline). The peak positions at 336.9 eV and 342.2 eV exhibit binding energy of the Pd4+ state, 

which originates due to Pd 3d5/2 and Pd 3d3/2 core label emission, respectively. The value 

corresponding to Pd 3d5/2 is comparatively less than the reported value.47 This discrepancy in the 

binding energy might be attributed to the following reasons. The low temperature grown PdSe2 

dendrites contain several types of intrinsic defects. As the layer number of PdSe2 decreases, a 

significant number of Se atoms are exposed and may detach from the surface, which gives rise to 

abundant Se vacancies in 2L and 1L dendrites. Further, the electronegativity of Se is lower than 

oxygen; as the vacancies increase, Se requires lower binding energy to break the Pd-Se bond. As 
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the sample is exposed to atmospheric conditions, it forms a Pd-O bond by atmospheric oxygen in 

place of Se vacancies. Due to the above, two additional peaks at 337.8 eV and 343.4 eV are 

observed and are attributed to the formation of Pd-O bond.48 It clearly indicates that there exists a 

high density of Se vacancies in PdSe2 dendrites. The binding energy peaks of Se 3d spectra consist 

of Se 3d5/2 (55.1 eV) and Se 3d3/2 (56.1 eV). Areal analysis of XPS reveals 9.3% outer Se vacancies, 

4.7 % inner Se vacancies, and 4.7% Pd vacancies in dendritic PdSe2. In the later section, a thorough 

discussion on vacancies and edge construction on dendritic PdSe2 is presented and we show that, 

SeTLU (upper layer top Se) vacancies are highest in dendritic PdSe2. Deconvoluted peaks show an 

additional peak at 58.2 eV due to Se-O bond formation.47 Non-bonded Se atoms in one side and 

Se adatoms at the dendritic edge, and fewer Pd vacancies contributed to this peak. From the above 

analysis, we may conclude that abundant number of Se vacancies and comparatively fewer Pd 

vacancies exist. Further, NIR photoluminescence (PL) measurement of as-grown PdSe2 was 

carried out with 641 nm laser excitation. Figure 4.1f displays the PL spectrum with fitted two 

Gaussian peaks centered at 1.3 eV and 1.55 eV. As discussed earlier, there are many Se vacancies; 

as a result, the bandgap is reduced and it requires less photon energy to excite the electron. 

Depending on the concentration of vacancies, the bandgap decreases. For example, Kuklin et al. 

reported one vacancy per 4 unit cells of monolayer PdSe2 characterized by an energy gap of 0.67 

eV, whereas one vacancy per 16 unit cells corresponds to a bandgap of 1.03 eV.3 As a result of BZ 

lifting and depending on the number of Se vacancies in monolayer and bilayer PdSe2, the bandgap 

decreases to 1.3 eV for monolayer. In addition, it was stated that the optical bandgap of non-

defective 2L PdSe2 is 1.89 eV and that of defective 2L PdSe2 is 1.55 eV. Our experimental finding 

revealed a bandgap of 1.55 eV for defective 2L PdSe2 dendrites, which is the same as the reported 

theoretical value of defective PdSe2.3 Unlike other TMDs (such as MoS2), 1L PdSe2 shows 

comparatively higher FWHM (0.3 eV) in the PL spectrum, which may be due to the presence of 

defects and partly due to the distribution in the number of layers. Other possible reasons for the 

higher FWHM are: (1) the anisotropic lattice structure of PdSe2, and (2) ten valance electrons in 

each Pd, which is higher than conventional TMDs. The low-intensity peak at 1.3 eV may be arising 

from the 2L PdSe2 and/or recombination of carriers at the defects in PdSe2. An optical microscopy 

image (Figure 4.2) shows the dendritic pattern growth of 2D PdSe2, where the dendritic initiation 

zone has been shown.  
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Figure 4.2. Optical microscopy image of 2D PdSe2 dendrites. Scale bar 2 m. 

Further, Raman spectra were acquired to understand the details of the crystallinity of 1L and 2L 

PdSe2 (Figure 4.3).  

 

Figure 4.3. Stacked Raman spectra of 1L (inter-dendritic region) and 2L PdSe2 dendrites. 

The characteristics Raman modes 
1

1A , 
2

1A , 1

gA , 1

1gB , 2

gA , 2

1gB , 3

gA , 3

1gB  were observed in the 2L 

PdSe2 dendrites. Raman mapping (Figure 4.4) also validates spatial uniformity over the 2L 

dendrites, and in-between 2L, there exist 1L PdSe2 dendritic islands.  
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Figure 4.4. Raman mapping of 1L and 2L PdSe2 dendrites (a) 
1 1

1g gA B− (blue map) (b) 
3 3

1g gA B− (red map) 

mode. 

The XPS survey spectrum (Figure 4.5) highlights the presence of Pd, Se, C, O. 

 

Figure 4.5. XPS survey scan for PdSe2 dendrites. 

The structure of the PdSe2 is very different from other TMDs, where the Se-Se tilted layer crosses 

the Pd layer (Figure 4.6a). This type of structure is highly sensitive towards intrinsic defects due 

to the break in the symmetry of Se-Se bond. 
22 One h-PdSe2 contains 6 Se atoms and 2 Pd atoms. 

For better understanding, we divided them into top layer up Se (SeTLU), top layer down Se (SeTLD), 
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bottom layer up Se (SeBLU), bottom layer down Se (SeBLD), and top layer Pd (PdTL), bottom layer 

Pd (PdBL), as shown in Figure 4.6b. 

 

 

Figure 4.6. (a) Top view and (b) Side view of 2L PdSe2. 

 

4.4.2. Defects and Edge construction 

Based on the signature of defects in PdSe2 dendrites from XPS and PL, we undertook a detailed 

study of defects from electron microscopic analyses. Figure 4.7a illustrates the dark-field TEM 

image of three consecutive dendrites. The EDX mapping of Pd and Se is shown in Figure 4.7b 

and Figure 4.7c respectively. Figure 4.7d shows the atomic percentage of Pd and Se from EDX, 

which further confirms the presence of Se vacancies. The HRTEM image of 2L PdSe2 dendrite is 

shown in Figure 4.7e, where hexagonal PdSe2 (h-PdSe2) is clearly visible. From the HRTEM 

image, we can get a two-dimensional picture of the structure. An enlarged view of a selected area 

of Figure 4.7e is shown in Figure 4.7f. From intensity contrast and distance measurement in 

Figure 4.7f, we obtained the arrangement of atoms with atomic distance as follows, SeBLU-SeTLU 

(tilted) = 0.21 nm, SeTLU-SeBLU (vertical) = 0.14 nm, SeTLU-SeTLD (tilted) = 0.18 nm, SeBLU-SeBLD 

(tilted) = 0.18 nm (shown in Figure 4.7g), which are consistent with the theoretical calculated 

values (shown in Figure 4.7h). Figure 4.7i illustrates a series of line defects with Se vacancies at 

the middle of 2L PdSe2. These Se vacancies are mainly SeTLU atoms, which are confirmed by 

HRTEM intensity analysis. To better visualize the SeTLU vacancies, a small area of Figure 4.7i is 

shown in Figure 4.7j. 
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Figure 4.7. (a) Dark field TEM image of PdSe2 dendrites, (b-c) the elemental distribution of Pd and Se, 

respectively; (d) the corresponding atomic percentage spectrum. (e) HRTEM image of defect free 2L PdSe2 

including armchair and zigzag edges. (f) Magnified view of HRTEM image with the atomic arrangement. (g) 

Atomic model representation with interatomic distance of experimental data. (h) Theoretically obtained 2D 

interatomic distance in the atomic model. (i) HRTEM image of defective 2L PdSe2 including series of line 

defects. (j)  Magnified view of defective 2L PdSe2 showing line defects; arrow indicates SeTLU 

vacancies,which disrupts the hexagonal structure. 
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4.4.3. Surface defects 

The EDX mapping over a small area of bright field TEM image is shown in Figure 4.8, Figure 

4.9 and Figure 4.10. 

 

 

Figure 4.8. EDX elemental mapping shows (a) mix of spatial distribution of Pd and Se, (b) spatial 

distribution of Pd and (c) spatial distribution of Se over a small area of the bright field TEM image (a). 

A careful observation of the white-shaded region (Figure 4.7b, c) in the mapping reveals that 

Pd:Se proportion increases at the end of the dendrites, implying increasing Se vacancies at the end 

of the dendrite. Figure 4.8 illustrates the EDX elemental mapping of mixed spatial distribution of 

Pd and Se over a small area of the bright field TEM image. 

In order to find the percentage of Se vacancies in the 2L middle, 2L edge, and 1L, EDX 

spectra were collected in different regions (Figure 4.9). Surface defects are more in 1L than 2L, 

as confirmed from EDX analysis (Figure 4.9a-f) of atomic percentage, where we can see the 

magenta rectangle enclosed the 2L edge along with 1L. Se atomic percentage is very low at the 

edge of the 2L (Figure 4.9f) than in the middle 2L region (Figure 4.9d). 
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Figure 4.9. EDX analysis (a, b) shows the point spectrum on 2L PdSe2. (c, d) region spectra on 2L surface 

and (e, f) exhibits for 2L edge. Scale bar is of 1 m. 

In Figures 4.9a, 4.9c, and 4.9e, spectra were recorded over a small region in the middle of 2L 

dendrite, a slightly larger area in the 2L dendrite, and a comparatively large area consisting of the 

edge of 2L dendrites as well as monolayer PdSe2, respectively. From the atomic %, we believe 

that the vacant Se atom in the monolayer and the edge sites of PdSe2 are responsible for the highest 

Se vacancy in Figures 4.9e. In Figures 4.9a, the density of vacancy in a small area is relatively 

less than in Figures 4.9c. In Figures 4.9a, there are fewer Se vacancies, whereas Figures 4.9c 

contains much Se vacancies due to existence of nanopores, which are discussed later.  
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4.4.4. Edge construction 

As revealed by the HRTEM image; dendrites with the simplest edge orientation are mainly two 

types, armchair, and zigzag. However, when we move to the edge part of the dendrite, we observe 

different armchair and zigzag edges. Like defects, edge geometry also plays an important role in 

the properties of nanomaterials. Hence, it is relevant to know PdSe2 edge geometries and their 

chemical properties beyond standard zigzag and armchair ones. Based on calculations and 

measurements, we found that edge construction is different at the edge of the 2L dendrite (Figure 

4.10a). Dendrites possess mainly two types of edge structure, (1) armchair with pentagon and 

hexagon (one side pentagon, other side hexagon) and (2) zigzag with hexagons. We have analyzed 

the edge structure of a portion of the dendrite, shown in Figure 4.10a, with the help of the atomic 

model shown in Figure 4.10b. Figure 4.10a is the HRTEM image of the 2L dendritic edge. As 

the HRTEM image is two-dimensional, we have measured the two-dimensional distances of the 

edge in nanometers. To know how the edge construction happens, we have first calculated each 

side of edge hexagons and pentagons (1 is a pentagon, and 2, 3, 4, 5 are hexagons) from the 

HRTEM analysis of Figure 4.10a. These calculated sides from the HRTEM analysis are nearly 

the same as the theoretically calculated distances given in Figure 4.10c, which are different from 

the normal defect-free hexagon sides. Assuming the path initiation atom as SeBLU, we have 

followed the distance from one atom to another in the atomic model and traced the path. For 

example, starting with SeBLU, if SeBLU follows the next SeTLU then the distance will be 0.21. 

However, the distance of the next atom from SeBLU at the edge is 0.33. If we exclude SeTLU, then 

SeBLU to the next SeBLU distance is 0.33 nm. Similarly, we have traced the entire edge construction 

of the dendritic PdSe2. Assuming the edge growth from pentagon 1 with SeBLU, it follows the path 

excluding mostly edge SeTLU atoms. The green cross marks are excluded SeTLU from the followed 

path of the edge construction. In pentagon 1, it follows the path excluding 2 SeTLU, and the distance 

between SeBLU to SeBLU is 0.33 nm, the distance between SeBLU to PdBL (SeBLU-PdBL) is 0.23 nm, 

and PdBL-SeTLD = 0.09 nm. In hexagon 2, it follows the path excluding one SeTLU, where PdBL-

SeBLU = 0.22 nm. In hexagon 3, it follows the path excluding two SeTLU, where SeBLU-PdBL (next 

hexagon Pd) = 0.23 nm, PdBL-SeBLU = 0.22 nm. In hexagon 4, it follows the path excluding one 

SeTLU, where SeBLU-PdBL= 0.23 nm. In hexagon 5, nothing is excluded. Starting from pentagon 1 

SeBLU (encircled in blue), it follows a path as follows, SeBLU → SeBLU → PdBL → SeBLU → PdBL→ 

SeBLU → PdBL→ SeBLU → SeBLU → PdBL → SeBLU → SeTLU → SeBLU → PdBL → SeBLU → PdTL 
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→ SeBLD → SeTLD → SeBLD → PdTL→ SeBLU → SeTLU →SeBLU → PdTL → SeBLD → SeTLD → 

PdBL→ SeBLU → SeTLU → PdBL → SeTLD → SeBLD → SeTLD → SeBLD.   

 

Figure 4.10. (a) High resolution TEM image of 2L PdSe2 dendrites with measured edges in nanometers. 

(b) Theoretical model showing edge geometry of 2L dendritic PdSe2, where black circles encircling the Se 

atoms denotes SeTLU, yellow circle encircling Se denotes one side non-bonded Se-Pd, blue circle encircling 

Se are Se adatoms, green cross mark denotes excluded SeTLU from the followed path. (c) Theoretically 

calculated interatomic distance (in nm), which matches well with the experimentally obtained interatomic 

distance from HRTEM.  

The corresponding bright field high resolution TEM image of 2L PdSe2 dendritic edge of Figure 

4.10a is shown in Figure 4.11.  
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Figure 4.11. Bright field high resolution TEM image of 2L PdSe2 dendritic edge. 

All the calculated atomic distances from the HRTEM image match well with the theoretically 

calculated values shown in Figure 4.10c. In PdSe2, each Se is bonded with one Se and two Pd 

atoms (Se-Pd). But, at the edge of the dendrite, there exist many Se atoms where one Se-Pd bond 

is absent. The yellow encircled Se atoms are bonded with one Pd atom at the edge, and one Pd-Se 

bond is absent. From the statistics, we concluded that 90% of edge Se atoms are bonded with only 

one Se-Pd bond at the edge of the dendrite. Active sites mainly exclude SeTLU atoms, which is due 

to the fact that SeTLU atoms can be removed more easily than other atoms. The most common 

defect is the single missing atom, called single vacancy (SV). In the case of PdSe2 dendrite, we 

did not observe any SV from experimentally obtained TEM images. Most vacancies are associated 

with 2/3 Vse in the same row/column. Removal of more than two atoms leads to a more complex 

defect configuration. When the vacancy is created, the displaced atom may remain on the surface 

of the PdSe2 layer as an adatom. Vacancies and adatoms are relatively mobile, but still unstable 

against recombination. From the end of the dendrite, we can notice that Se is at the propagating 

tip, which suggests Pd-edge is the initial nucleation edge which then is propagated by Se. However, 

there exist two Se adatoms at the tip of the edges encircled with blue line. The dendritic head 

consists of adatom, which might be the cause of ending the dendritic growth in that particular 

direction. Figure 4.12 illustrates the tilted side view of monolayer PdSe2.  
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Figure 4.12. (a) Atomic model showing slightly tilted monolayer PdSe2. (b) High resolution TEM image of 

monolayer PdSe2 which well matching with atomic arrangement. (c) HRTEM image showing one Se 

vacancy (Vse) along with one Se-Pd-Se vacancy (VSe-Pd-Se) (d) monolayer PdSe2 atomic model showing 

Vse and VSe-Pd-Se. (e) atomic model represents top view of slightly tilted monolayer PdSe2 correlated with 

HRTEM image of 1L PdSe2. 

TEM imaging depends on the orientation of the material (crystal) with respect to the electron beam 

direction. From Figure 4.12a, b we can distinctly visualize the slightly tilted pattern of monolayer 

PdSe2. We confirmed it as a monolayer by analyzing the HRTEM image intensities. Figure 4.12c 

indicates a total of three Se with one Pd vacancy in monolayer PdSe2. TEM imaging enables us to 

identify a VSe (mono Se vacancy) along with VSe-Pd-Se (1 upper Se 1Pd and 1 lower Se) atom 

vacancy from image intensity analysis (Figure 4.12d). In fact, it is not easy to visualize the 

pentagonal shape because with the tilted view of PdSe2, we can see some rectangular patterns 

PdSe2 from the tilted top (shown in Figure 4.12e). 

 

4.4.5. Nanopores in dendritic PdSe2 

Here we notice that the vacancy exhibits closely a circular shape of about 1 nm diameter. In 

monolayer PdSe2, we obtained two outer Se vacancies, one Pd vacancy along with one inner Se 

vacancy. Florina et al. reported that vacancies with an even number of missing atoms are 

energetically favorable over an odd number of missing atoms in graphene.49 Similar to graphene, 
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in PdSe2, mainly Pd vacancy occurs along with inner Se vacancies as an even number of vacancies 

are energetically favored, and more energy is required to break the Pd-Se bond. Our XPS analysis 

disclosed that there exist 9.3% outer Se vacancies, 4.7 % Pd vacancies, 4.7 % inner Se vacancies 

in dendritic PdSe2. XPS analysis supports our TEM image analyses, where outer Se vacancies are 

dominated, whereas Pd vacancy is always associated with inner Se vacancy. In bilayer PdSe2, we 

observe mainly SeTLU vacancies or sometimes SeBLU vacancies. Mostly Pd vacancies are not seen. 

We did not observe isolated Pd vacancy as Pd drags inner Se atoms. This is the key reason behind 

nanopore formation in 2L PdSe2. Making a nanopore in PdSe2 without any post-growth treatment 

and without using the electron beam radiation technique is challenging.50,51  

 

Figure 4.13. (a) Atomic force microscopy image showing the nanopores with pore diameters in the range 

68-98 nm in 2L PdSe2. (b) Line profile showing the diameter of 98 nm for a nanopore. (c) White circles 

enclosed nanopores with average diameter ranging from 16-56 nm in 2L PdSe2. (d) Line profile measures 

the diameter of 28 nm of a nanopore. (e) Bright field low resolution TEM image of 2L PdSe2 with nanopores 

(yellow circled) and the inset reflects nanopore with an average diameter of 90 nm.  

We present a reliable, straightforward approach to synthesizing dendritic PdSe2 with distributed 

nanopores. We consider these nanopores nearly circular, with diameters ranging from 10 nm – 90 

nm (Figures 4.13a, 4.13c, 4.13e). Figure 4.13a, c shows the AFM images of dendrites with 

distributed nanopores in a 1 nm thickness PdSe2 dendrite. Figures 4.13 b, d depicts height well 

for the estimation of nanopore diameters. Figure 4.13e shows the TEM image of a dendrite with 

many nanopores. The inset shows a magnified view of a ~90 nm diameter nanopore. We can 
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differentiate between reported nanopores (where voids are formed by electron beam radiation) and 

our nanopores (without any treatment). Nanopores in PdSe2 adopt an approximately pentagonal 

geometry with well-defined edges (shown in the inset of Figure 4.13e). With the change in the 

ratio of PdCl2 to NaCl during the growth, we observe different sizes of nanopores and defects 

(Figure 4.14).  

 

 

Figure 4.14. Bright field low resolution TEM image of 2L PdSe2 nanopores with an average diameter of 

6nm, 90 nm, and 300 nm.  

 

4.5. Application of dendritic PdSe2 in SERS sensing 

Thanks to the fingerprint of Raman spectroscopy due to its remarkable sensitivity and chemical 

specificity. We have investigated surface-enhanced Raman scattering (SERS) of RhB on PdSe2 

dendrites grown on a mica substrate. To investigate the individual contribution of 2L edge, 1L 

vacancy, and nanopore on SERS, we carried out position-dependent SERS measurements in 3 

different regions. Figure 4.15a represents the broad range Raman spectrum of 10-5 M RhB on the 

edge of 2L PdSe2 dendrite. The presence of all the characteristic Raman modes of PdSe2, including 

SERS of RhB molecule, makes it very interesting to find the origin of SERS sensing in novel 

PdSe2 dendrites. Raman mapping was carried out on dendritic PdSe2/RhB for better visualization 

of defect-induced hotspots, which are believed to be responsible for the SERS enhancement, and 

it is added in Figure 4.15b, c. Figure 4.15b shows the Raman intensity mapping of 258 cm-1 peak 

of PdSe2, where uniform contrast is observed all over the dendritic PdSe2, but contrast changes at 

2L edges. The signature of rhodamine B (1647 cm-1) was taken into consideration to obtain the 

Raman mapping of rhodamine B. 
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Figure 4.15. (a) Raman spectrum of 10-5 M RhB on the intrinsic edge of 2L PdSe2. (b-c) The Raman 

intensity mapping of 258 cm-1 peak of PdSe2 and 1647 cm-1 peak of rhodamine B, respectively. Scale bar 

is 2 m. (d) Stacked Raman spectra of 10-5 M RhB on different spots (2L edge, 1L vacancy, 2L surface, 

bulk). Inset shows the position dependent Raman intensity (I1647). Proposed mechanism of adsorption of 

RhB molecules at three different sites: (e) 2L edge, (f) 1L vacancy and (g) 2L nanopores.  

Figure 4.15c shows the Raman mapping of 1647 cm-1 peak of rhodamine B, where distinct brighter 

islands are found at the 2L edge of dendritic PdSe2. Interestingly, edge sites of PdSe2 dendrites act 

as a kind of hotspot, and rhodamine B adsorption takes place at the Se vacant sites with Pd chains 

at the edge sites. Figure 4.15d shows the corresponding stacked Raman spectra of particular 2L 
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edge, 1L vacancy, 2L middle portions of the dendrite, and bulk PdSe2. Inset shows the ascending 

order of peak intensities of characteristics Raman mode corresponding to C-C bending and C=C 

stretching (1647 cm-1). Figure 4.15d reveals a huge variation in intensities (I) between bulk PdSe2 

and dendritic PdSe2 (2L edge, 1L vacancy, 2L middle). Clearly, I (2L edge) > I (1L vacancy) > I 

(2L middle) > I (bulk). Among these, the 2L edges exhibit the highest intensity peak, which implies 

its highly sensitive nature toward SERS. It clearly indicates that active edges, defects, and 

nanopores play a vital role in SERS activity. Let us first consider the case of a 2L dendritic edge. 

2L PdSe2 edge is mostly terminated with one side bonded Se atom as concluded from the TEM 

analysis (one Se-Pd bond is absent). If an even number of atoms are removed from the dendritic 

edge, then bonds can be healed to preserve the connectivity. If an odd number of atoms are 

removed, a bond exists that makes the structure most unstable and more chemically active. 

Koskinen et al. reported that an armchair edge with pentagons (Ac 56) is the most expensive edge 

with the highest edge energy in graphene.52 Lu et al. reported that Se-ac (110) is the most stable 

edge in 2L PdSe2.11 Our PdSe2 edge geometry mainly consists of Se-armchair (Se-ac), which 

suggests us believe that it is an exclusive as well as stable edge. Edge stress can be relieved by the 

addition of other atoms at the stable edges.53 

 

              As discussed earlier, one Se-Pd bond is absent at the active sites, enhancing the dipole-

dipole interaction between Se and C=N+ (as N+ ion in RhB acts as an electron deficiency site) of 

the RhB molecule. (Figure 4.15 (e, f, g)). The positively charged C=N+ group in the RhB molecule 

will be attracted by the negatively charged Se atoms at the active edge sites. As RhB is a 

zwitterionic molecule, further adsorption of the RhB molecule will happen in a head-to-tail 

manner. To further validate the above concept, we have done an EDX analysis at three different 

zones. Dendritic PdSe2 is dipped into KOH solution overnight in the transfer process. In an 

aqueous solution, KOH dissociates to form K+ ion.  

KOH + H2O = K+ (aq) + OH- (aq) 

Interestingly K+ adsorption happens in vacancy and edge sites of PdSe2, which is confirmed by 

EDX. EDX analysis showed that the dendritic PdSe2 contains Pd, Se, K. These results further 

support the validity of the above possible route. EDX analysis at three different locations (2L 

middle, 2L edge) of the PdSe2 dendrites are shown in Figure 4.16. K atomic percentage is highest 
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at the edge of the dendrites, which indirectly confirms K+ adsorption is more at the 2L edge and 

1L.  

 

Figure 4.16. (a,b) 2L dendrite edge EDX spectrum including K. EDX elemental mapping shows (c) mix 

spatial distribution (d) spatial distribution of Pd and (e) spatial distribution of Se and (f) spatial distribution 

of K over a small area of the bright field TEM image. (g) displays corresponding spectrum. Scale bar 1 m. 

It is interesting to note that the sum of Se and K atomic percentage is exactly double the Pd atoms. 

This implies that Se vacancy at the active site act as a bonding site for K atoms. In the middle of a 

2L dendrite, K adsorption happens with less atomic percentage (Figure 4.16). As K+ and N+ are 

positive ions, we can expect similar phenomena for the adsorption of N+ ions. Thus, it indirectly 

indicates that the bonding of C=N+ of RhB molecules is highest at the 2L edge. Whereas the 

oxygen bonding (O2- of -COOH group) of RhB is highest at the 2L middle and 1L middle due to 

vacancies and nanopores. At Se vacancies, there is a bonding between one side non-bonded Pd 

with O2- (-COOH group) of RhB form Pd-O bond. As Pd is a noble metal, the Pd-O bond produces 

a robust electronic coupling between the RhB molecule and the metal.54 Se vacancies act as 
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electron trapping sites for oxygen because oxygen has the same outermost electrons as Se. At the 

edge, there exists a smaller number of Pd termination, which gives rise to comparatively less Pd-

O bond formation. As nanopore sizes are ~10-90 nm, the chemical adsorption is more at the active 

sites than the middle of the nanopore void. More physisorption is expected at the center of the 

nanopore. The size of the RhB molecule is ~1 nm, so 1L vacancy sites act as trapping sites for 

RhB, which makes vacancies quite interesting for SERS activity. 

 

4.5.1. Enhancement factor and SERS mechanism 

 

Figure 4.17. Raman spectrum of 10-2 M RhB on mica substrate. 

The enhancement factor (EF) in SERS sensing is calculated using the following equation 4.1, 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑆
×

𝐶𝑅𝑆

𝐶𝑆𝐸𝑅𝑆
     (4.1) 

where 𝐼𝑆𝐸𝑅𝑆 and 𝐼𝑅𝑆 are the SERS and Raman signal (Figure 4.17) intensities, respectively, and 

SERSC , 
RsC are the corresponding concentrations for which the intensities are considered.  

 

4.5.2. Cyclic voltammetry (CV) 

To ascertain the same, the band positions of PdSe2 were obtained using the cyclic voltammetry 

(CV) measurement (Figure 4.18). 
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Figure 4.18. Cyclic voltammetry measurement of PdSe2. 

The following equations were used to calculate the band positions 2D PdSe2,55 

EVB = - (Eox + 4.71) eV 

ECB = - (Ered + 4.71) eV 

Electrochemical band gap = ECB - EVB 

 

Calculations 

EVB = - (Eox1 + 4.71) eV = - (0.39 + 4.71) eV = - 5.10 eV 

EVB = - (Eox2 + 4.71) eV = - (0.81 + 4.71) eV = - 5.52 eV 

ECB = - (Ered + 4.71) eV = - (- 0.51 + 4.71) eV = - 4.20 eV 

Calculated band gaps = (- 4.20 - (-5.10)) eV = 0.90 eV & (- 4.20 - (-5.52)) eV = 1.32 eV 

Note that, obtained band gap well matches with our optically obtained band gap (PL) and also with 

the literature.9 As we focused on 1L and 2L PdSe2 for RhB sensing we have taken the higher band 

gap (1.32 eV) into our consideration to understand the transfer process in the combine system. The 

lower band gap comes due to few layer PdSe2. PdSe2 samples are transferred to the ITO glass 

substrate to conduct the Cyclic voltammetry (Gamry Instruments, 36083) measurements. The three 

electrode-based electrochemical system consists of Ag/Ag+ as the reference electrode, ITO glass 
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as the working electrode and Pt wire as the counter electrode. 0.5 M Na2SO4 was the electrolyte 

for the experiment. PdSe2 CBM and VBM are at -4.20 eV and -5.52 eV, respectively. It has been 

reported that the work function for ideal monolayer PdSe2 is 5.20 eV.56  

 

4.5.2.1. Calculation of work function 

From KPFM measurement, the measured work function of 1L and 2L PdSe2 dendrites are 4.83 eV 

and 4.87 eV, respectively (Figure 4.19).  

 

Figure 4.19. (a) KPFM surface potential image of PdSe2. and (b) corresponding phase image. 

Work function of PdSe2 can be calculated following the below equation 4.2.  

𝜙𝑠 = 𝜙𝑡𝑖𝑝 − 𝑒𝑉𝐶𝑃𝐷     (4.2) 

Where 𝜙𝑠 , 𝜙𝑡𝑖𝑝  are the work function of sample and the reference tip and 𝑉𝐶𝑃𝐷 is the contact 

potential difference. From Figure 4.19, the measured 𝑉𝐶𝑃𝐷 is 110 mV. The reference tip has the 

work function 4.98 eV. Inserting all the values in the equation 4.2, the work function of 2L PdSe2 

is 

𝜙𝑠 = (4.98 − 0.11) 𝑒𝑉 = 4.87 𝑒𝑉 

Notably, for 1L the work function is negligibly changed as the change in 𝑉𝐶𝑃𝐷is ~ (150-110) mV 

i.e. 40 mV. Estimated work function 1L PdSe2 is ~ 𝜙𝑠 = (4.98 − 0.15) 𝑒𝑉 = 4.83 𝑒𝑉. The lower 

work function is due to the presence of defect energy states in PdSe2. There exists a high density 

of electronic states at EF because most edges of dendrites terminate with electron-rich Se. As the 
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density of vacancies increases, additional defect states appear near the Fermi level. Thus, defect 

states are generated close to Fermi energy (EF). As a result, an additional charge transfer route 

between the RhB molecule and PdSe2 is introduced.  

Further, we have performed SERS measurement of different concentrations of RhB 

molecule to calculate the detection efficiency of PdSe2 dendrites. Figure 4.20a shows the SERS 

spectra of RhB with different concentrations. The calculated enhancement factor vs. RhB 

concentration log plot (Figure 4.20b) reflects a linear increment of EF as a function of 

concentration. It is evident that the pristine 2L PdSe2 can serve as a SERS substrate with very low 

concentration (10-8 M) RhB detection with an enhancement factor of 105. Such a high enhancement 

factor arises due to charge transfer between RhB molecules and PdSe2 dendrites. A schematic 

illustration in Figure 4.20c shows the corresponding energy levels and subsequent charge transfer 

mechanism. According to the literature, LUMO and HOMO energy value with respect to vacuum 

of RhB is -3.08 eV and -5.45 eV, respectively.57 When RhB is exposed to a laser excitation of 532 

nm, the excitation energy is 2.33 eV which is less than or close to the energy difference between 

HOMO and LUMO (2.37 eV) of RhB. This laser excitation energy is unable to amplify the Raman 

signal. When RhB/PdSe2 hybrid system is exposed to 532 nm laser excitation, the charge transfer 

process may follow three possible paths. Absorption of a photon by RhB excites an electron from 

the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) through Path 1. Part of these charges may go to the conduction band (CB) of 2D PdSe2 

as depicted by the dashed curve in Figure 4.20c and partly come back to the HOMO to recombine 

radiatively. Experimental evidence for the electron transfer from the RhB to PdSe2 comes from the 

photoluminescence quenching of RhB, discussed later. Next, part of these electrons in CB of PdSe2 

may transfer to the HOMO of RhB through Path 2 and partly through Path 3, i.e. through the defect 

levels of PdSe2.  The electronic transitions through Path 2 and Path 3 may cause lower energy 

recombination, which is indeed reflected in the PL emission spectra discussed below for the hybrid 

system. Note that with the incident laser excitation, the electrons in PdSe2 are also excited from 

the VB to the CB as well as to defect states and these electrons also partly follow Path 2 and Path 

3 for relaxation. Thus, the transitions through Path 2 and Path 3 results in high density of electrons 

in the HOMO and LUMO of RhB, which gives rise to the highly intense Raman signal, i.e., SERS 

effect from RhB.   
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Figure 4.20. (a) Raman spectra of 10-5 M, 10-6, 10-7, 10-8 M RhB on PdSe2, (b) the corresponding intensity 
semi-log plot for C-C bending and C=C stretching as a function of RhB concentration. The inset shows the 
log plot of calculated enhancement factor (EF). (c) Energy band diagram showing the charge transfer 
pathways in RhB/PdSe2 hybrid system. (d) Stacked Raman spectra of 2L Pdse2 and 10-5 RhB drop casted 

2L PdSe2, where the inset atomic models show the 
1

1gB  vibrational mode. (e) Measured photoluminescence 

spectra of 10-5 M RhB on mica substrate and SERS spectrum of 2L PdSe2/10-5 RhB. The inset shows the 

confocal microscopy image of RhB molecules on the defective sites (scale bar: 5 m).  
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A large amount of vacancy defects result in highly intense Raman modes.27 Evidence of charge 

transfer and doping is further confirmed from the Raman spectrum. Figure 4.20d shows the 

stacked Raman spectra for pristine 2L PdSe2 and RhB/2L PdSe2 on mica substrate. Careful 

observation reveals that 1

1gB  intensity increases in RhB/2L PdSe2 system. Intensity ratio of 1 1

1/g gA B  

is 2.36 in 2L PdSe2, which decreases to 1.27 in the RhB/2L PdSe2 system. As the RhB injection 

mainly happens in Se vacancy sites, among all other modes 1

1gB  mode becomes more intense due 

to the strongest coupling between RhB molecule with Se atoms. Peak shift in the Raman spectrum 

is a non-destructive way to understand the doping, and charge transfer.55,58 The spectral shift in 

Raman peak 1

gA  (1.3 cm-1) and 3

gA  (1.6 cm-1) in the RhB/2L PdSe2 system is definite evidence of 

effective charge transfer in the hybrid system. Here charge transfer between RhB molecule and 

PdSe2 was assumed to be the dominant factor which is accompanied by a large spectral shift in 2L 

PdSe2. For further confirmation, we have performed photoluminescence spectroscopy of the bare 

RhB and the RhB/ 2L PdSe2 system (Figure 4.20e). We notice a considerable redshift along with 

a significant quenching (68.7%) of photoluminescence spectrum in the hybrid system. The 

significant quenching may be attributed to the charge transfer from the RhB LUMO to CB and 

defect levels of 2D PdSe2. The redshift is a result of the lower energy transitions through Path 2 

and Path 3, shown in Figure 4.20c.  

Table 4.2: Lorentz fitting parameters of Raman spectra of 2L PdSe2 and 2L PdSe2 /10-5 RhB of Figure 

4.20d. 

 2L PdSe2  2L PdSe2/10-5 RhB  

Raman 

modes 

Peak 

position 

(cm-1) 

FWHM 

(cm-1) 

Intensity 

(counts) 

Peak 

position 

(cm-1) 

FWHM 

(cm-1) 

Intensity 

(counts) 

1

gA  145.7 3.9 1418 144.4 5.2 1984 

1

1gB  148.9 8.2 600 148.0 9.2 1563 

3

gA  259.0 5.6 2518 257.4 7.6 4236 

3

1gB  268.8 11.9 216 266.4 11.8 479 

 

Recently, X. W. Zhao et al. reported that for monolayer PdSe2 with Se defect, there is a reduction 

in the bandgap and the band of midgap state goes through the Fermi level, and the PdSe2 shows 

metal characteristics.10 Series of SeTLU line vacancies in PdSe2 act as metallic edge in the presence 
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of excess Pd, similar to the extended defects in graphene acting as a metallic wire58. Lorentz fitting 

parameters of Raman spectra of 2L PdSe2 and 2L PdSe2 /10-5 RhB of Figure 4.20d are given in 

Table 4.2. 

 

4.5.3. Electronic band structure of 2L PdSe2 without defect and with line defects  

To substantiate our conjecture, we performed DFT calculation of the band structure and density of 

states of the bilayer PdSe2 system without and with line defects (Se vacancies).  

 

Figure 4.21 (a) Unit cell (side view) of 2L PdSe2, (b) Electronic band structure and (d) DOS plot of unit-cell 
of 2L PdSe2 using PBE-GGA. The Fermi level has been set to zero and indicated by the dashed lines. 

The details of the calculations are provided in the computational methods section. We have 

calculated the electronic properties of bilayer PdSe2 without defect (2L PdSe2) and with line 

defects (defective 2L PdSe2) using PBE-GGA (Figure 4.21 and Figure 4.22) and HSE06 (Figure 

4.23) functionals. Figure 4.21a and Figure 4.23a represent the unit cell of 2L PdSe2 and defective 

2L PdSe2, respectively. The calculated band structures along high symmetry k-points59 illustrate 

an indirect band gap of 0.86 eV in 2L PdSe2 (Figure 4.21b) and the corresponding DOS is 

displayed in Figure 4.21c. Introduction of Se defects (edge) lead to drastic change in the band 

structure, where some bands are seen touching the Fermi level (Figure 4.22a), indicating the 

metallic characteristics of the defective 2L PdSe2 system.  
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Figure 4.22 (a) Electronic band structure of unit-cell 2L PdSe2 with Se vacancy, (b) DOS plot of unit-cell of 
defective 2L PdSe2, and (c) DOS plot of 3×3 supercell of the defective 2L PdSe2 using PBE-GGA. The 
Fermi level has been set to zero and indicated by the dashed lines. 

The corresponding electronic density of states (DOS) is displayed in Figure 4.22 b, which shows 

no bandgap and it confirms the metallic behavior of the system. Further, using 3×3 supercell for 

PBE-GGA, we verified the electronic properties of the materials, and the DOS plot shown in 

Figure 4.22c also confirms the metallic properties of defective 2L PdSe2. Since the HSE06 

functional provides a more accurate description of the band structure, we have calculated the band 

structure and the corresponding DOS of defective 2L PdSe2 using HSE06 functional and the results 

are shown in Figures 4.23b, 4.23 c. It is evident from Figure 4.23b that two different bands cross 

the Fermi energy (EF) along X-M and Г-M direction and it indicates the metallic nature of defective 

2L PdSe2. Interestingly, the density of states (DOS) plot reveals the electron occupation in the 

Fermi-level in the case of defective 2L PdSe2, which demonstrates the metallic feature of the 

material. When the RhB molecule is attached to such metallic edges, the quenching is maximum 

due to which we observed SERS associated PL signal with lower separation between molecule - 

Pd.60 Quenching of photoluminescence suggests that there is a strong interaction between RhB 

molecule and defective PdSe2, which contributes to the efficient charge transfer in the RhB/ 2L 

PdSe2 system. A redshift in the photoluminescence peak corresponds to lower energy emission. 

Due to defects and nanopores, charge transfer may take place to the lower energy and subsequent 

recombination (through Path 2 and Path 3) may give rise to lower energy emission band. 
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Figure 4.23. (a) Unit cell (side view) of bilayer PdSe2 with Se vacancy on the top layer (SeTLU). (b) Unit cell 
(top view) of defective 2L PdSe2 showing the high symmetry K-points in the Brillouin zone. (c) Electronic 
band structure, and (d) DOS plot of defective 2L PdSe2 using HSE06 functional showing metallic behavior. 
The Fermi level has been set to zero and indicated by the dashed line.  

 

In Figure 4.20d, 1

1gB  mode is defect-related peak, which gets intense in 2L PdSe2/RhB. Thus, 2L 

edge sites are very crucial for the observed effect. Moreover, photoluminescence gives the intrinsic 

response of RhB/ 2L PdSe2 system. Lin et. al. reported the difference in photoluminescence 

fingerprint of Au nanorods and MGTIC molecule adsorbed Au nanorods.61 Taking TEM analysis 

into account, some rows of SeTLU vacancies along with excess Pd behave like a metallic edge and 

acts as defect-induced hotspot for SERS in detecting foreign molecules. Thus, the vacant sites in 

PdSe2 basically act as a hotspot for SERS enhancement with RhB molecule. It is worth 

highlighting that we observed the PL emission peak along with the SERS signal of RhB/ 2L PdSe2 

system. Such photoluminescence associated SERS signal retrieve a fingerprint of defects and 

defective dendritic PdSe2 acts as defect-induced hotspot. Defect level close to the fermi level 

produce a local doping site for RhB molecule in a narrow stripe along the line defect (created by 

SeTLU vacancies) which further contributes towards quasi-one dimensional metal like behavior in 

2d PdSe2.62 Orange fluorescence was observed over the 2D PdSe2 dendrites denoting adsorption 

of Rhb molecule. Confocal microscopy imaging (inset of Figure 4.20e) shows an altering contrast 

in fluorescence, which is due the plasmon-like behavior of vacancy rich edges, line defects, and 

nanopores in dendritic PdSe2.  
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4.5.4. SERS stability 

Finally, to check the stability, we carried out SERS measurements after several months on 10-5 M 

Rhodamine B deposited PdSe2 sample, which was kept in the laboratory atmosphere (Figure 4.24).  

From the distinct Raman peak, it is clear that the samples are quite stable up to a few months. Any 

change in signal intensity is due to the partial evaporation of the dye molecules from the sample 

surface.  

 

 

Figure 4.24. Raman spectra of 10-5 M rhodamine B on 2L PdSe2 after 1month, 5 months and 8 months of 
exposer to laboratory atmosphere. 

 

4.5.5. SERS measurement with other molecules 

To prove the versatility of the as-grown defect-rich 2L PdSe2 dendrites as a very powerful SERS 

substrate, we have also carried out the SERS measurement with other molecules, such as 

methylene blue and methylene orange (10-4 M, Figure 4.25). The result signifies its versatility for 

SERS detection with variety of probe molecules. The strong Raman signals indicate a strong 

interaction between 2L dendritic PdSe2 with probe molecules. Thus, it has potential to be used as 

a commercial SERS substrate in near future.  
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Figure 4.25 SERS spectra of 10-4 M (a) methylene blue and (b) methylene orange on 2L PdSe2. 

 

4.6. Conclusion 

The comprehensive study on vacancies, nanopores, and edge geometry of PdSe2 dendrites provides 

new insights into how intrinsic defects influence the properties. XPS analysis reveals about 9.3% 

outer layer Se vacancies, 4.7 % inner Se vacancies, and 4.7% Pd vacancies in dendritic 2D PdSe2. 

Our finding, shows a NIR photoluminescence from dendritic PdSe2 and the influence of intrinsic 

defects on its bandgap. We speculate that Se vacancy sites in dendritic PdSe2 behave as a metallic 

edge and it acts as a non-plasmonic hotspot for SERS detection of RhB molecule. To validate our 

conjecture on the metallic behaviour of the defective PdSe2, DFT calculation were performed for 

the electronic density of states in bilayer PdSe2 with Se defects using PBE-GGA and HSE06 

functionals and it clearly revealed metal-like behaviour of the dendritic PdSe2. Recently, Renu et 

al. reported a SERS enhancement up to ~104 at the sculpted plasmonic hotspots in monolayer 

MoS2.63 It has constantly been debated whether plasmon-free SERS substrate can compete with 

plasmonic SERS substrate. Interestingly, without any post-treatment, our plasmon-free dendritic 

PdSe2 detects RhB with a significant SERS enhancement (> 105), with post-growth treatment, it 

might exceed the plasmonic SERS substrate limit. Our findings offer insights into the field of 

SERS sensing, nanopore sensing, gas sensing, biosensing, and device fabrication applications, 

where we believe PdSe2 will be a rising star in the near future. The observations, analysis, and 

related findings presented here show the trivial nature of dendritic PdSe2, which can be expected 

to replace the existing plasmon-free SERS substrates in high demand in the coming generation and 

blossom into the affluent area of commercial products. 
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Chapter 5 - Water-assisted scrolling and unscrolling of 

bilayer PdSe2 for selective killing of cancer cells 

In this chapter, we introduce the scrolling and unscrolling of bilayer PdSe2 on a mica substrate. It 

has been suggested that the transformation of these atomically planar materials to three-

dimensional (3D) geometries by bending, wrinkling, or scrolling could significantly alter their 

properties and lead to novel structures and devices with compact form factors, but strategies to 

enable this shape change remain limited. Origami-like and kirigami-like graphene have been 

demonstrated, and shapes such as springs, stretchable electrodes, and hinges have been formed 

using external mechanical forces. However, controlled scrolling in response to external 

environmental stimuli, such as mild temperature compatible with biological systems, has yet to be 

demonstrated. Such controlled scrolling is extremely difficult to achieve with graphene, TMDs, 

and NTMDs. Here, we show that thermal activation inside an H2O environment can have a more 

marked effect on the behavior, leading to spontaneous sliding, tearing, and peeling of directly 

CVD-grown PdSe2 from mica substrate. The PdSe2 nanoscrolls (PSNS) are formed from the edges 

of the bilayer PdSe2 sheet. The conversion of PdSe2 into PSNS via Pd nanoparticles and unscrolling 

into sheet structures are fully controlled under H2O environment.  

 

Scheme 5.1. Scheme describing the scrolling of PdSe2 nanoscrolls (PSNS) enclosed by Pd NPs and 

attacking cancer cells by unscrolling PSNS.  
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We highlight its application in selective killing of cancer cells; where Pd nanoparticles attack the 

cancer cell leading to the nuclear arrest and death of the cells. We anticipate that this general 

approach is highly tunable and can be used to fabricate a range of structures of relevance in 

foldable electronics, biosensing, and thermally active robots. These results pave the way for the 

discovery of various properties and applications of PdSe2 nano-scrolls and nano-ribbons.  

5.1. Introduction 

In the recent era of 2D materials, papyrus like Graphene nanoscrolls (GNS) is one of the emerging 

nanomaterials.[1] GNS is morphologically similar to multiwalled carbon nanotubes, however 

scrolling with tunable inter-layer spacing affords a unique opportunity to inherit favorable 

properties of both carbon nanotubes and graphene.[1-6] After GNS, many effective methods have 

been employed to fabricate the nanoscrolls of h-BN, MoS2, WS2, black phosphorus and these were 

investigated by researchers, theoretically and experimentally.[7-14] The nanoscroll diameter can 

easily expand or contract making them extremely radially flexible results tuning inter-layer 

spacing affords a unique opportunity to inherit favorable properties, which can be exploited for a 

variety of applications in the catalytic, sensors, energy storage,[15] supercapacitors,[16] hydrogen 

storage, seawater desalination, bioengineering, drug delivery, and harvesting, etc. The road to 

understanding nanoscrolls remains arduous still, but recent progress provides reasons for cautious 

optimism. However, controlled scrolling in response to external environmental stimuli, such as 

mild temperature compatible with biological systems, is yet to be demonstrated. Such controlled 

scrolling is extremely difficult to achieve in most of the 2D materials.[17] 

 

            Traditional anticancer treatments have several limitations, but cancer is still one of the 

deadliest diseases. Metal nanoparticle mediated photothermal therapy has attracted extensive 

interest in recent years by virtue of its noninvasive feature and minimal side effects as compared 

to traditional chemotherapy.[18, 19] The use of metal nanoparticles absorb photon energy, then 

convert it to heat locally, resulting in a local temperature rise which causes the death of cancer 

cells. Among the metallic nanoparticles, Pd is a rare earth metals that have attracted researchers 

owing to their outstanding bioactive properties [20, 21] In biomedicine, Pd is very frequently used 

in dentistry appliances and especially its needles are mostly applied in the health center for prostate 

cancer therapy and choroidal melanoma therapies.[22, 23] Pd NPs exert prominent inhibition of 

several cancer cell lines and bacterial strains. Pd NPs can be used as substitutes for gold 
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nanoparticles in the treatment of tumours due to their extraordinary catalytic, antitumor 

applications, drug carriers, biosensors, and prodrug activators[24] and high stability under near-

infrared region light. In addition, the noble Pd-NPs have shown excellent physicochemical features 

like high photocatalytic activity, remarkable chemical stability, good thermal stability, optical and 

electronic properties.[23, 25-27] 

 

5.2.  Experimental details 

5.2.1.  Synthesis of PdSe2 nanoscrolls (PSNS) 

Bilayer PdSe2 flakes were synthesized following a two-step CVD synthesis process, (i) Solution 

preparation, (ii) Low-temperature CVD growth. First, PdCl2 powder (99.999%), Se powder 

purchased from Sigma Aldrich, and NaCl powder (> 99.0 %, Merck) were used for experiments 

without further purification. 7.6 ×10-3 mol L-1 PdCl2 was first added into 20 mL distilled water. 

Na2PdCl4 solution was prepared by mixing and dissolving 3 mg of NaCl with the PdCl2 solution, 

which undergoes vigorous stirring (180 r/min) for about 45 min at room temperature using a 

magnetic stirrer. After ultrasonic irradiation of the final 10.17×10-3 mol L-1 Na2PdCl4 solution for 

3 hrs, the color of the solution turned from initial pale yellow to dark brown. This observation 

indicates the reduction of Pd (II) ions to palladium Pd (0). Then, pre-patterning of Na2PdCl4 is 

done with the support of a quartz mask with circular openings. The quartz mask was placed on a 

freshly cleaved mica substrate. Then, under heating conditions, the as-prepared Na2PdCl4 solution 

was drop-cast in the circular opening area of the quartz mask. Na2PdCl4 solution on mica is heated 

at 50 °C on a hotplate for 45 mins. Then, the pre-patterned mica substrate is placed inside a quartz 

furnace for CVD. Before the growth, the quartz chamber was cleaned by purging Argon gas (300 

sccm) via a rotary pump. In the CVD process, the temperature of the center zone is ramped up to 

500 ℃, and Se powder is kept at 1 cm away towards the upstream (temperature ~240 ℃) to 

vaporize the Se and transport it to the growth substrate (~240 ℃) with a carrier gas (Argon) flow 

(110 sccm) in a single-zone tube furnace with precise temperature control.  

                         Then, the as grown PdSe2 flakes were scrolled in just 5 s with a 100% yield by 

touching the sample top side down onto a water surface. Under the built-in strain, the edge part of 

the flake curved out of the plane and continued to roll up to a complete PSNS. The scrolling 
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proceeded with time and formed PdSe2 nanoscrolls (PSNS). Freshly synthesized PdSe2 flakes on 

mica were more prone to scroll, while the aged samples exhibited slightly decreased scrolling rate.  

 

5.2.2. In vitro cell culture 

HeLa and A549 cells were procured from National Centre for Cell Science, Pune and were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, 10% FBS) and incubated in a humidified 

atmosphere at 37 °C supplied with 5% CO2.  

 

5.2.3. Cell viability assay 

For determining cell viability, Hela cells were seeded in a 96 well plates at a density of 5000 

cells/well. Following attachment, cells were treated with 10, 20, 30, 40, 50 and 75 µM of Pd NPs 

and PSNS for 48 h. After incubation, about 500 µg/mL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) was added to each well and incubated for another 1.5 h. 

After incubation, the media was carefully discarded, and the purple colour tetrazolium salt formed 

due to cellular respiration, was dissolved in 100 µL DMSO. The colorimetric measurement was 

performed in multi-well plate reader (Promega microplate reader) by recording the absorbance at 

560 nm for sample and 600 nm for background subtraction. 

 

5.2.4. Characterization techniques 

The details of the AFM, and micro-Raman measurements are discussed in Chapter 2 (Section 

2.2.4). The morphology and structural properties of the CVD-grown bilayer PdSe2 have been 

studied using a transmission electron microscope. The morphology of the bilayer PdSe2 is studied 

using FESEM. 

 

5.3. Results and discussion 

Bilayer PdSe2 nanosheets are grown on mica substrate by salt-assisted CVD method as described 

in Chapter 2. Due to the underneath NaCl layer, PdSe2 has weak van der Waals interaction with 

mica substrate, which results in a easily transformed PdSe2 nanoscroll structure. A schematic of 

the formation of PdSe2 nanoscrolls is proposed in Figure 5.1a. The mica substrate with PdSe2 

nanosheets with underneath NaCl touched to the surface of a water-surface with an angle of 30 ° 

in top side down manner. The bilayer PdSe2 is hydrophobic with a water contact angle of ∼90 °. 
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Thus, the low friction between the water and bilayer PdSe2 facilitates the sliding of the water 

droplet. Due to the high surface tension of water, the edge of bilayer PdSe2 tends to rolling up 

when the water droplet slides across it (Figure 5.1b). After treatment with deionized (DI) water, 

it was shaken for 5 mins inside water medium. As the water had an unbalanced teeter-totter 

movement across the nanosheet, the adhesion force was overcome and the edge of PdSe2 nanosheet 

was curled first. With the directional movement of the water droplet, the bilayer PdSe2 rolled up 

completely to form the PSNS (Figure 5.1c). Then, the substrate with PdSe2 was put on a hot plate 

at 50 °C for 10 hrs, thus obtaining a H2O free PdSe2 nanoscrolls.  

 

Figure 5.1. (a) Schematic illustration of PdSe2 nanoscroll synthesis. (b) AFM image showing the rolling up 

process begins from the edge of bilayer PdSe2. (c) AFM image illustrates a single PdSe2 nanoscroll. 

AFM was employed to study PdSe2 before and after transfer to monitor the PSNS formation. The 

AFM image Figure 5.2 shows the as-grown bilayer PdSe2 flakes with edge Pd NPs having a 

thickness in 8 nm. We believe that the edge Pd NPs significantly influenced the scrolling of bilayer 

PdSe2 from the edges. The van der Waals interaction between the Pd NPs and bilayer PdSe2 is 

critical in the scrolling process. [28, 29] Our study suggests that PdSe2 is highly active and attached 

to the surface of Pd NPs. Sliding PdSe2 encounter the Pd NPs, which act as obstructructions. The 

bilayer PdSe2 sheet develops a spontaneous curvature at its edges, which leads to an initial 

wrapping of the sheet. This wrapping is driven by the minimization of surface energy, where the 
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edges curl toward the center. As the curling progresses, the nanosheet forms a cylindrical or scroll-

like structure by rolling itself up along the edges encapsulating Pd NPs. This allows the PdSe2 

nanosheet to form a scroll-like shape. The formation of the scroll minimizes the overall surface 

energy. A completely rolled-up PdSe2 scroll is energetically favorable because it reduces the 

exposed edge surface area and stabilizes the structure. Additionally, the presence of topological 

defects in bilayer PdSe2 is expected to promote the scrolling behavior.[30] A defect can create a 

weak point where the material is more-likely to roll into a nanoscroll. When atoms are missing 

from the lattice, it creates a local region of strain. This strain can make the region more flexible, 

leading to scrolling.  

 

Figure 5.2. AFM showing bilayer PdSe2 with edge Pd NPs. 

The AFM image in Figure 5.3a demonstrates the rolling up of bilayer PdSe2 from both the edges 

of a PdSe2 sheet, due to the sliding of water from one end to other in both the directions. Figure 

5.3b shows a Fish like structure because of faster rolling from the other end. From the evaluation 

of AFM images of PSNS, we obtain height of 3-4 nm at the curled edges, and 1.2 nm (Confirms 

the 2L PdSe2) at the middle of the PdSe2 sheet (Figures 5.3a, 5.3b). In order to investigate the 

inner structure of PSNS, transmission electron microscopy (TEM) cross-section is carried out, and 

the corresponding high-resolution TEM image is shown in Figure 5.3c. The adjacent layer 

distances are measured, and the average PdSe2 layer spacing of 0.44 nm is obtained (Figure 5.3c). 

After keeping the water-treated sample on hotplate for 10 hrs, again AFM height profiles were 

carried out. Surprisingly, we found that the PdSe2 sheet had turned into a nanoscroll structure 

(Figure 5.3d). 
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Figure 5.3. (a) AFM image showing two-sided rolling up, which started at both the PdSe2 edges; the edge 

height is 3 nm. (b) AFM image of a fish like structure, confirming the bilayer PdSe2 sheet at the middle and 

4 nm rolling height at the edges. (c) HRTEM image of sidewalls of scrolled PdSe2. (d, e) AFM image of a 

fully scrolled PSNS; with a thickness of 24 nm. (f) HRTEM image of sidewalls of part of a PSNS. 

AFM confirms the height of 24 nm (Figure 5.3d, 5.3e) of a PSNS. To clarify this PSNS structure, 

we transferred it to a TEM grid for the TEM study. The TEM image (Figure 5.3f) shows that it 

possesses a tube-like structure with a hollow core surrounded by thick walls consisting of PdSe2 

layers. As shown in Figure 5.3f, the interlayer distance between adjacent PdSe2 layers is about 

0.44 nm, which is well matched with the reported article [31], confirming the presence of PdSe2 

layer at the outer region of the PSNS. The interlayer spacing decreases towards the inner region of 

the PSNS due to the transition of phase of PdSe2 to Pd2Se3 (confirmed in later section). Raman 

spectra of the PSNS was recorded using 532 nm excitation. The Raman spectra obtained from two 

spots (spot 1: PdSe2 sheet, spot 2: PSNS) of the optical image are shown in Figure 5.4a. Figure 

5.4b demonstrates the Raman mapping of 147 cm-1 mode of PSNS. Raman spectra of spot 1 and 

spot 2 are given in Figure 5.4c (Upper panel: PSNS, Lower panel: 2L PdSe2). We now present the 

interesting case of PSNS; where we observe a curvature-induced enhancement of 100 cm-1 peak, 
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and also the appearance of a new peak at 125 cm-1. In flat PdSe2, the layers are primarily held 

together by weak van der Waals forces. 

 

Figure 5.4. (a) Optical image of bilayer PdSe2 (position 1) and PSNS (position 2), (b) 147 cm-1 Raman 

mapping of PSNS, (c) Raman spectra of marked spot 1 and spot 2, (d) PSNS Raman spectra showing 

extra peak (∗) generation. 

When PdSe2 undergoes scrolling, the interaction between the layers becomes altered due to the 

curvature. This can lead to the appearance of new interlayer vibrational modes, which are typically 

seen at lower frequencies (at 125 cm-1) in the Raman spectrum.The new peak at 125 cm-1 can be 

attributed to the PSNS formation. In addition, we also observe signature of Pd2Se3 peaks (198 cm-

1, 217 cm-1) (Figure 5.4d). Interestingly, the Raman peak of A1
g and A3

g modes are also 

blueshifted; this shift was attributed to the van der Waals interactions between neighboring 
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nanoscroll layers, which also suggests the decrease in layer number in the nanoscroll. This 

furthermore advocates the formation of Pd2Se3 structure at the inner wall of the PSNS. During the 

nanoscroll formation a slight tension owing to the bending of the flake provides a strain-induced 

effect in the Raman spectrum. 

 

Figure 5.5. (a) HRTEM of a portion of PSNS showing two different regions; PdSe2 and Pd2Se3, (b) intensity 

profile along the dotted white line showing decrease in interlayer spacing at the middle. (c) Schematics 

shows the interlayer spacing of two consecutive PdSe2 layers decrease results merging into one Pd2Se3 

layer. 

The PSNS structure is further validated by HRTEM studies. Figure 5.5a shows the HRTEM image 

of a typical sample transferred onto a TEM grid after PSNS formation. It can be clearly seen that 

the PSNS has a tubular structure with interlayer spacing ~0.44 nm. The tubular structure of PSNS 

can be divided into two zones; (1) Outer zone: the spacing of two consecutive PdSe2 layer is 0.44 

nm. (2) Inner Zone: the interlayer spacing decreases from 0.44 nm to 0.26 nm; which indicates the 

Se atom removal. When the Se atom removal increases, the interlayer distance decreases, 

providing the foundation for the merging of two PdSe2 layers [32]. The reconstruction of Pd atoms 

in the two consecutive layers is promoted by the strain owing to the bending induced formation of 

PSNS. The intensity profile shown in Figure 5.5b presented a remarkable drop of intensity at the 

middle of the PSNS; which also suggests a reduction in atomic density and it corresponds to 

monolayer Pd2Se3 due to the conversion from bilayer PdSe2. A schematic of the reconstruction 

mechanism from bilayer PdSe2 to monolayer Pd2Se3 is given in Figure 5.5c.  
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Figure 5.6a presents a schematic representation showing formation of PSNS from bilayer PdSe2 

and PSNS unscrolls after heating as an external stimulus. AFM image in Figure 5.6b shows the 

height of PdSe2 at the middle as 1.2 nm confirming bilayer PdSe2, and at the edge 4 nm confirms 

scrolling initation from the edge of bilayer PdSe2. Figure 5.6c illustrate the PdSe2 nanoscroll with 

a thickness of 24 nm. After heating the partially unscrolled PdSe2 step height is 9 nm as shown in 

Figure 5.6d. unscrolling of the PSNS was triggered by increasing the temperature to nearly 55 ℃ 

in H2O environment. We observe that the PSNS tends to unscroll through its free outer edge, which 

is useful for the delivery of cargo in certain specific conditions. One of the highlights of this chapter 

is that, scrolling and unscrolling process utilizes benign thermo-responsive conditions compatible 

with cell biology. Here, we exploit 2D PdSe2 towards living cancer cells to monitor its activity.  

 

Figure 5.6. (a) Schematic showing the PdSe2 nanoscroll formation from bilayer PdSe2 and unscrolling after 

heating, AFM image showing the height of PdSe2 (b) at the middle as1.2 nm, and at the edge as 4 nm, (c) 

PdSe2 nanoscroll thickness: 24 nm, (d) partially unscrolled PdSe2 height: 9 nm and 23 nm after heating. 
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5.3.1. Raman Spectra of HeLa Cells 

Topical advances in Raman spectroscopy have given way to an extensive range of biomedical 

applications including cancer diagnostics. Its ability to detect variance related to DNA, RNA, 

proteins, and lipids have made it an excellent tool for differentiating between various cells.[33]The 

collection of Raman spectra from HeLa cells produces a fingerprint representing the molecular 

vibrations specific to chemical bonds. The Raman spectra between 500 and 1800 cm−1, is the 

region of the Raman spectrum, which correlates to the molecular vibrations of biochemical 

importance. We extend Raman scattering spectroscopy to enable imaging of living cells with high 

temporal and spatial resolution. By investigating the wavelength dependencies of Raman 

background signals, we found that 532 nm wavelength excitation is best for Raman imaging and 

for suppressing the background signals from autofluorescence. Figure 5.7a show Raman mapping 

of PSNS before HeLa cell treatment. 125 cm-1, 147 cm-1 and 258 cm-1 mapping confirms the 

formation of PSNS. 258 cm-1 mapping shows that it comes mostly from the edge of the PSNS. Due 

to the bending, the 258 cm-1 mode is more active at the curved edges. Figure 5.7b shows the 

Raman spectra of HeLa cells on PSNS. 141 cm-1 and 253 cm-1 suggests the presence of HeLa cell 

on PSNS. Again, the Raman mappings at 125 cm-1 and 141 cm-1 confirms the PSNS. The spectral 

region between 1000 cm-1
 and 1200 cm-1

 are due to C−C stretching vibrations. 1443 cm-1 is due to 

C−H2 bending. The 1578 cm-1 band arises from the stretch vibration of the carotenoid’s C=C in 

the carbohydrate.[34] The 1659 cm-1 band comes from C=C stretching mode in unsaturated fatty 

acids.[35] One of the advantages of Raman microscopy is its capability for label-free imaging by 

detecting vibrations of molecules. We follow the response of HeLa cells to the PSNS, which is 

provided by Raman mapping. Raman maps enabled us to distinguish the clear difference between 

PSNS before and after HeLa cell treatment. After treatment, the intensity of 125 cm-1 and 141 cm-

1 is not symmetric all over the PSNS, which is due to the exit window for Pd NPs removal. The 

Raman mappings between 800-1100 cm-1 and 1100-1620 cm-1 suggests that more HeLa cells are 

attached on the PSNS region, where the brighter Raman mapping is coming from the PSNS hotspot 

regions.[36] 
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Figure 5.7. (a) Optical image of Raman mapping of PSNS region, and its corresponding Raman mapping 

before cell treatment. 125 cm-1, 147 cm-1, and 258 cm-1 mapping confirms the formation of PSNS. 163 cm-

1 shows the mapping of mica substrate. (b) Raman spectra of HeLa cell on PSNS, and its corresponding 

mappings after treatment. 

 

5.3.2. Apoptosis of HeLa Cell 

The AFM mapping of HeLa cell, a HeLa cell trapped inside a PSNS and an apoptotic cell are 

shown in Figure 5.8a, b and c respectively. Figure 5.8d shows the FESEM image of apoptotic 

HeLa cell, where Pd NPS are present at the nucleus of the cell. To further confirm the presence of 

Pd NPs, we have verified the TEM image of PSNS. The TEM image (Figure 5.8e) also shows that 

the cell is attached to the PSNS and the encircled Pd NPs residing on the nucleus of the cell. The 

schematic of apoptosis of cell lead by PSNS is shown in Figure 5.8f, where Pd NPs from PSNS 

enter the cell and then attack the nucleus, leading to cell apoptosis. 
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Figure 5.8. AFM mapping of (a) HeLa cell, (b) HeLa cell trapped inside a PSNS, (c) Apoptotic cell. (d) 

FESEM image of apoptotic cell, showing Pd NPs inside cell, (e) TEM image of cell, surrounded by Pd NPs. 

(f) schematic showing apoptosis of cell lead by PSNS through the insertion of Pd NPs into the cell. 

 

5.3.3. Raman Spectra of A549 Cells after PSNS treatment 

 
Figure 5.9. Raman spectra of A549 cell after treating with PSNS. 
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The Raman spectra of A549 cells have been shown in Figure 5.9, after treating with PSNS. 144.5 

cm-1, 193 cm-1, 257.9 cm-1 modes confirm the presence of PSNS. However, strong Raman signals 

of A549 cells can be observed in PSNS. Cytochrome c, a key protein that is being increasingly 

recognized as an important factor, triggers various processes in cancer development.[38, 39] The 

Raman spectra of cytochrome c at 748 cm-1 and 1589 cm-1 of A549 cell are two sensitive indicators 

of cancer aggressiveness.  

 

Figure 5.10. Raman spectra and the corresponding optical images of A549 cell at different time intervals 

after treating with PSNS.  

Figure 5.10 provides the Raman spectra and the corresponding positions in the optical images of 

A549 cell attachment to the PSNS. SERS characteristic peak at 805 cm-1 assigned to RNA, 

decreased significantly from normal to the dead cells. Important differences associated with 

activated cell are also observed in the region 1100-1360 cm-1. This region corresponds to vibrations 
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of adenine and guanine overlapped with vibrations corresponding to proteins and lipids. The peaks 

at 916 cm-1, 1172 cm-1, 1353 cm-1 decreased significantly in dead cells. The following peaks 

undergo a large decrease in the spectrum of dead cells compared to viable cells and can be used as 

markers of cell death: 748 cm-1, 916 cm-1, 1172 cm-1, 1293 cm-1, 1353 cm-1, 1470 cm-1. Raman 

spectrum of A549 cell from all its cellular components such as proteins, lipids, nucleic acids, and 

carbohydrates as provided in Table 5.1. 

Table 5.1. Peak assignment for the Raman spectrum of A549 cells (ref[37]) 

Raman peak 

position (cm-1) 
Tentative assignment of Raman peak position 

DNA/RNA Proteins Lipids Carbohydrat

es 

632 − C−C twist Phe − − 

680 T, G − − − 

748 Cytochrome c Ring br. Trp − − 

805 O−P−O str. RNA  O−P−O − 

831 O−P−O asym. str. Out of plane ring 
br. Tyr 

− − 

865 − Ring br. Tyr − − 

916 BK, deoxyrib. − − − 

987 − − C−C head 
groups 

− 

1020 C−O deoxyrib. −  − 

1070 − C−N str. Chain C=C 
str. 

− 

1172 − C−H in-plane 
bend Tyr 

− − 

1277 T, A Amide III =CH bend − 

1293 − Amide III ∝ helix =CH 
defects 

− 

1324 G CH defects − − 

1353 A, G CH defects − − 

1409 − COO- stretch for 
Asp Glu. 

− − 

1470 G, A CH defects CH defects CH defects 

1567 G, A − − − 

1589 − C=N − − 

1611 − C=C Phe, Trp − − 

 

5.3.4. Cell migration by filopodia and retraction process of Pd NPs 

Filopodia have an important role in cell migration that function as tentacles for cells to probe their 

environment. Rich in filopodia is a characteristic of invasive cancer cells. Proliferation in A549 

cancer cells is observed in Figures 5.11a and 5.11b. Studying the mechanisms governing A549 

cell proliferation provides insight into potential therapeutic strategies for treating lung cancer. 
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Figures 5.11c and 5.11d demonstrate that filopodia are finger-like projections extending from the 

plasma membrane of A549 cells, composed of bundles of actin filaments. Cell body containing 

microvilli with numerous filopodia (Figure 5.11c-h), evidences their viability and potential for 

proliferation and migration. Here, filopodia are involved in the early steps of migration which is 

essential for cell movement and sensing the environment. They allow cells to detect gradient of 

extracellular signals that guide cancer cell movement towards the PSNS. The gradient of 

extracellular signals promotes both forward movement and mechanical stability required for 

migration of the cell.  

 

Figure 5.11. (a, b) Cell division of cancer cells. (c, d, e, f, g, h) Time-lapse images showing numerous 

filopodia growth. During this sequence of 37 minutes, filopodial elongation and movement can be seen. 

The filopodia extensions of the cells can be seen adhering to the PSNS. Figure 5.12a shows the 

schematic of the retraction process of Pd NPs towards the cell. Pd NPs, their internalization and 

further consequences to the cells were determined using TEM. TEM examinations showed that 

both Pd NPs were internalized extensively. Several filopodia explore the Pd NPs encapsulated 

PSNS environment (Figure 5.12b). After finding a Pd NP, the filopodia bind to it and then retract 

towards the cell body (Figure 5.12b, 5.12c). Filopodia acts as cellular tentacles and after a few 

seconds binds to Pd NPs, then filopodia retract and pull the bound Pd NPs toward the cell.[40] 

TH-3674_196153010



163 | C h a p t e r  5  

 

  

Figure 5.12. (a) Tracing of Pd NPs towards the cell. (b, c) Several filopodia explore the Pd NPs 

encapsulated PSNS environment. (d, e), (f, g) Pd NPs movement from the PSNS towards the cell, 

corresponding (h) Pd mapping shows the Pd NPs movement towards the nucleus, (i) Se mapping shows 

no Se movement towards the nucleus.  

Cancer cells have increased negative charges on the glycocalyx, due to the presence of sialic acid 

residues making them more electronegative than normal cells. The negative charges move towards 

the non-bonded Pd of PSNS and Pd NPs efflux from the PSNS towards the cell surface induces n-

doping on PdSe2 surface (consistent with the observation of Raman peak shift from 147 to 144.5 

cm-1).[41] Surprisingly, a large number of Pd NPs continuously move towards the cell wall of 

cancer cell (Figure 5.12e-h). The physiochemical connections of Pd NPs with the nitrogen bases, 

phosphate groups of DNA and protein, the production of free radicals, results the disruption of the 

cell. [69] Upon binding with Pd NPs, filopodia would become inactive. Pd NPs penetrated the 

cells, induced breakage of filopodia in turn trigger cell death. Pd NPs movement started from the 
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PSNS towards the cancer cell. The Pd mapping confirms the migration of Pd NPs to the cancer 

cell (Figure 5.12h). The Se mapping in Figure 5.12i confirms that there is no movement of Se 

towards the cell. 

 

5.3.5. Cell viability test 

Monolayers cultures of HeLa cells were treated with varying concentration of Pd NPs and PSNS. 

The dose-dependent decrease in cell viability has been observed in Figure 5.13. Inhibitory 

Concentration (IC50) has been determined from the sigmoidal dose-response curve generated using 

GraphPad prism software. IC50 for Pd NPs was found to be 72.38 µM. However, the concentration 

we used for studying cell viability for the PSNS thin film were not enough to achieve the IC50 

value. The cell viability was measured by the following equation- 

% of cell viability= 
(𝑨𝟓𝟔𝟎−𝑨𝟔𝟎𝟎)𝑺𝒂𝒎𝒑𝒍𝒆

(𝑨𝟓𝟔𝟎−𝑨𝟔𝟎𝟎)𝑪𝒐𝒏𝒕𝒓𝒐𝒍
× 𝟏𝟎𝟎 

From the viability calculations, it was found that PSNS are more cytotoxic than Pd NPs at lower 

concentrations. Surprisingly, Pd NPs are more cytotoxic than PSNS at higher concentrations. 

 

 

Figure 5.13 Assessment of viability of HeLa cells upon treatment with Pd NPs and PSNS. 
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5.4. Conclusion 

In summary, we have demonstrated the synthesis technique of PSNS from the bilayer PdSe2 sheet. 

The scrolling does not require multiple processing steps or any polymer coatings that could affect 

the physical properties of PdSe2. We have created PSNS by providing PdSe2 sheet with a normal 

force sufficient to overcome the interfacial adhesion in a H2O environment. The PSNS are started 

to initiate from the edges of the bilayer PdSe2 sheet. The conversion of PdSe2 into PSNS via Pd 

NPs and unscrolling into sheet structures are fully controlled under H2O environment. The PSNS 

is further treated with A549 and HeLa cancer cells. The Pd NPs from the PSNS moved towards 

the cancer cell to attack the nucleus. The cell viability test of PSNS suggests that PSNS is a 

potential candidate in the field of biomedical applications. We expect that our study will stimulate 

future experimental effort to create PSNS and such scrolled PdSe2 may lead to novel properties 

that have yet to be explored. Our results suggest a much richer potential to fabricate nanoscrolls 

from PdSe2 and other two-dimensional materials. 
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Chapter 6 - Layer-dependent Raman studies and strain-

induced phase transition of bilayer PdSe2 to Pd2Se3 

Strain engineering plays a vital role in condensed matter physics and materials science because it 

can strongly modify the mechanical, electrical, and optical properties of a material and even induce 

a structural phase transition. Strain effects are fascinating in atomically thin two-dimensional (2D) 

layered materials. Most 2D layered materials, such as graphene and TMDs, whose layers interact 

with each other through van der Waal forces, don’t change the phase while applying strain in the 

presence of defects. While in the case of defect rich PdSe2, we show that strain engineering 

efficiently reduces the distance between layers, causing the melding of two layers into one, 

resulting in the formation of the new Pd2Se3 phase. Each phase has a separate and unique 

application as the band gap changes from indirect to quasi-direct. Here, we develop scotch tape 

and water-assisted transfer methods to transfer the as-grown PdSe2 film from the growth substrate 

to a flexible substrate. The scotch tape assisted exfoliation doesn’t directly affect the internal 

atomic structure of the defect rich PdSe2 but it weakens the layer-to-layer interaction during the 

peeling process. When strain is applied to the scotch tape assisted exfoliated PdSe2, strain can 

change the distance between the two PdSe2 layers which cause local deformation that can push the 

layers closer. Strain causes the defect rich PdSe2 layers to come into closer proximity, this may 

cause form strong interlayer interactions, leading to fusion of the layers. This can facilitate the 

merging of two PdSe2 layers to Pd2Se3. We discover the phase evolution of the van der Waals 

PdSe2 layer to Pd2Se3 under the uniaxial tensile strain of > 0.5 % in the case of water-assisted 

transfer and of > 0.2 % in the case of scotch tape transfer. The precise strain engineering can evolve 

the PdSe2 layer into a Pd2Se3 probed by Raman fingerprints. This unique strain-induced phase 

modulation property enables the application of ultrathin PdSe2 as a future strain sensor.  

6.1. Introduction 

Phase transitions of transition metal dichalcogenides (TMDs) have been achieved mostly by 

doping and alloying with the parent material.[1-5] Two-dimensional palladium diselenide PdSe2, 

a star in the NTMD family has exceptional properties, which in the  presence of defects, triggers 

the melding of two layers resulting in the formation of a new phase, Pd2Se3.[6] PdSe2 exhibits 

layer dependent bandgap but the monolayer doesn’t exist. The Se-loss thinning process of PdSe2 
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driven by mechanical exfoliation and using the electron beam of a scanning transmission electron 

microscope, bring out a new phase; Pd2Se3.[6-11] Creating Se vacancies in PdSe2 few layered 

films using in-situ controlled thermal annealing first leads to defective PdSe2, then a phase change 

to a stable Se deficient form of PdSe2−x , and finally to Pd metal.[10] On the other hand, while the 

chemical stoichiometry does not change with a reduction in layer numbers for most of the 2D 

layered materials, the multilayer Pd2Se3 changes its stoichiometry to PdSe2 in the bilayer form 

under Se-rich growth conditions. Pd2Se3 is also an emerging 2D thermoelectric material that shows 

higher efficiency than other monolayer TMDs.[12] Pd2Se3 monolayer with a quasi-direct band gap 

(1.39 eV) [13], and carrier mobility of 178.02 cm2 V-1s-1, is expected to show excellent anisotropic 

transport properties making it a promising material for optoelectronic devices and next-generation 

electronics due to their high electron mobility and excellent air stability.[14]  

 

To date, strain engineering on ultrathin materials offers many unique properties. For example, 

applying uniaxial strain can evolve an indirect gap semiconductor to a direct band gap 

semiconductor. Recently, Luo et al. reported the anisotropic phonon behaviour of strained PdSe2. 

[15] However, they did not observe the phase evolution, which could be attributed to the higher 

crystal quality of the ultrathin samples prepared via the exfoliation from bulk PdSe2. The 

experimental investigations on the phonon response of strained PdSe2 grown via the CVD method 

are still lacking, which is crucial for integrating few-layer PdSe2 into flexible electronic devices 

and strain sensors. 

 

6.2. Experimental section 

6.2.1. Sample Preparation 

Ultrathin PdSe2 layers were first grown on mica via CVD following chapters 2. Bilayer PdSe2 

flakes were synthesized following a two-step CVD synthesis process, (i) Solution preparation, (ii) 

Low-temperature CVD growth. First, PdCl2 powder (99.999%), Se powder purchased from Sigma 

Aldrich, and NaCl powder (> 99.0 %, Merck) were used for experiments without further 

purification. 7.6 ×10-3 mol L-1 PdCl2 was first added into 20 mL distilled water. Na2PdCl4 solution 

was prepared by mixing and dissolving 3 mg of NaCl with the PdCl2 solution, which undergoes 

vigorous stirring (180 r/min) for about 45 min at room temperature using a magnetic stirrer. After 

ultrasonic irradiation of the final 10.17×10-3 mol L-1 Na2PdCl4 solution for 3 hrs, the color of the 
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solution turned from initial pale yellow to dark brown. This observation indicates the reduction of 

Pd (II) ions to palladium Pd (0). Then, pre-patterning of Na2PdCl4 is done with the support of a 

quartz mask with circular openings. The quartz mask was placed on a freshly cleaved mica 

substrate. Then, under heating conditions, the as-prepared Na2PdCl4 solution was drop-cast in the 

circular opening area of the quartz mask. Na2PdCl4 solution on mica is heated at 50 °C on a hotplate 

for 45 mins. Then, the pre-patterned mica substrate is placed inside a quartz furnace for CVD. 

Before the growth, the quartz chamber was cleaned by purging Argon gas (300 sccm) via a rotary 

pump. In the CVD process, the temperature of the center zone is ramped up to 500 ℃, and Se 

powder is kept at 1 cm away towards the upstream (temperature ~240 ℃) to vaporize the Se and 

transport it to the growth substrate (~240 ℃) with a carrier gas (Argon) flow (110 sccm) in a 

single-zone tube furnace with precise temperature control 

  

6.2.2. Characterization technique 

The as-grown phase and subsequent phase evolution under applied strain was studied using Micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) with an excitation wavelength (λex) of 532 nm 

(Ar ion laser). We used a 100X objective lens with a laser spot size of 1 μm for Raman 

measurements. The laser power was kept at minimal (1.5 mW) to avoid the possibility of laser-

induced damage of the samples during the data curation. The Raman signals sent through a 

multimode fiber grating of 1800 grooves mm-1 were collected by a charge-coupled device which 

is integrated with the same system.  

 

6.3. Results and discussion 

6.3.1. Growth of bilayer PdSe2 

At first, PdSe2 layers are grown via the CVD technique following our previous chapters.  

(1) Na2PdCl4 solution patterning,  

(2) pre-patterned substrate placed into the CVD furnace for the CVD growth of PdSe2.  

The study with multiple experiments reveals that initial concentration (Ci) ratio of PdCl2: NaCl is 

strongly correlated with the thickness of the as-grown PdSe2. The ratio of Ci of PdCl2 to NaCl 

(Ci=[PdCl2]i/[NaCl]i) is the primary factor in the formation of bilayer to multilayer growth of 

PdSe2. Based on their Ci value, the growth can be categorized into two types: 
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(1) NaCl: PdCl2→ 1:9 (4-armed growth), → Bilayer to multilayer PdSe2  

(2) NaCl: PdCl2→ 1:14 (many armed growth). → Only bilayer PdSe2 

It has been observed that in 1:9 growth, the as-grown PdSe2 started splitting from the edges after 

3 months (Figure 6.2a), which is due to the significant presence of the NaCl in the as-grown PdSe2, 

whereas 1:14 grown PdSe2 doesn’t degrade even after years (Figure 6.2b) confirming the high 

stability. 

 

 

Figure 6.1. Schematic representation of solution assisted growth mechanism PdSe2. 
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Figure 6.2. (a) Splitting of the edge of a three months aged 1:9 grown PdSe2, (b) No splitting of edges in 

two years old 1:14 grown PdSe2. 

In 1:14 growth, the drop-casted solution on the mica substrate followed by heating on a hotplate 

in 4 different temperature windows (50 ℃, 60 ℃, 70 ℃, 80 ℃). As the quality of as-grown PdSe2 

depends on the PdCl2 solution heating temperature, we have given a chart of optical images of 

PdSe2 dendrites grown at different pre-heating temperatures. Figure 6.3 reveals that pre-heating 

at 60 ℃ and 70 ℃ yields the best quality growth, whereas in the case of 50 ℃ and 80 ℃, we 

notice some inhomogeneous growth of PdSe2. For the growth temperatures of 310 ℃ (inside CVD 

setup), we got dendritic pattern PdSe2 having a maximum width of 2 m. When the growth 

temperature is decreased to 290 ℃, we observe that the dendrites started approaching each other 

for joining of branches. When the growth temperature decreased further to 280 ℃, the dendritic 

branches joined and form a large area growth of PdSe2. The large area flake size of the of PdSe2 

increased and was in the range 40-70μm. Thus, a lower temperature growth gives larger area 2D 

PdSe2 film, while a larger temperature growth yields dendritic pattern of PdSe2 growth. 
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Figure 6.3. (a) Synergistic modulation of PdSe2 morphology with growth temperatures and PdCl2 heating 

temperature. 

In the PdCl2 film, the circular-shaped central region located in Figure 6.4a is the Pd source region, 

which act as a Pd source region during the CVD. Figure 6.4b shows the CVD grown region and 

the central bulk region. To further confirm the CVD grown layer of PdSe2, we have carried out the 

AFM analysis. The Figure 6.4c elucidate that the thickness of PdSe2 is about 1.2 nm (2L). Figure 

6.4d illustrates the Raman mapping of 3

gA  mode of PdSe2. The Raman mapping intensity 

decreases from the central region towards the edges, confirming the presence of bilayer. It is 
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further confirmed that the Pd source region acts as an initiation zone during CVD growth of PdSe2. 

FESEM and optical micrograph images of only bilayer PdSe2 is given in Figure 6.4e, f.  

 

Figure 6.4. Optical micrograph of (a) PdCl2 growth, (b) bilayer PdSe2, (c) AFM image showing bilayer 

PdSe2, (d) Raman mapping of 
3

gA mode of PdSe2, (e,f) FESEM, and optical micrograph images of bilayer 

PdSe2. 

Historically, Raman mapping has been one of the potential tools for structural characterization of 

layered materials. From the image contrast, the Raman intensity, difference in wavenumber we 

can approximately identify the layer number. Raman mapping analyses on different positions 

demarcated as circle lead us a different pathway to confirm the layer number of as-grown PdSe2. 

The position where the mappings was carried out is demarked by circles in Figure 6.5. There are 

eight Raman active modes, out of which 𝐴𝑔
1  and 3

gA  modes are highly intense modes as compared 

to other modes. 
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Figure 6.5. Raman mapping of 𝐴𝑔
1  and 

3

gA  modes at different positions. 

The corresponding Lorentzian fitting of different positions gives us a new pathway to validate the 

layer of PdSe2 through Raman spectra (Figure 6.6a, b). The intensity ratio of 𝐴𝑔
1  and 𝐴𝑔

2  i.e. 

I(𝐴𝑔
1)/I(𝐴𝑔

2) ratio can be taken as a fingerprint to identify the layer number of PdSe2. We have 

plotted the I(𝐴𝑔
1 )/I(𝐴𝑔

2 ) intensity ratio as a function of layer number of PdSe2(Figure 6.6c). 

I(𝐴𝑔
1)/I(𝐴𝑔

2) intensity ratio almost linearly decreases with the increase in layer number. For a single 

layer PdSe2 I(𝐴𝑔
1)/I(𝐴𝑔

2) intensity ratio is ~1.3, whereas for 4 layer it is ~1. The corresponsing AFM 

images of monolayer (~0.6 nm), bi-layer (~1.4 nm), tri-layer (~2 nm), and 10L (~6 nm) is given 

in Figure 6.7. 
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Figure 6.6. (a) Fitted Raman spectra of 𝐴𝑔
1  and 𝐴𝑔

2 modes of p1, p2, p4, p5, p6 positions and (b) p7, p8 of 

Figure 6.5, (c) I(𝐴𝑔
1)/I(𝐴𝑔

2) intensity ratio as a function of layer number of PdSe2. 

 

 

Figure 6.7. The position wise AFM image of (a) monolayer, (b) bilayer, (c) tri-layer (d) 10L. 
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6.3.2. Transfer of PdSe2 for uniaxial tensile strain analyses 

We transfer the CVD-grown bilayer PdSe2 layer on a flexible substrate via three methods:  

 

1. PMMA-assisted transfer process  

It is a widely employed transfer technique for 2D layer transfer and commonly used for multilayer 

PdSe2 transfer. In our case, we firstly used PMMA-assisted transfer process for the transfer of the 

PdSe2 layer from growth substrate mica to flexible polyimide substrate. We followed our previous 

optimization (chapter 2) for this transfer technique. Briefly, a thin PMMA sacrificial layer is 

deposited over the PdSe2/mica and then baked at 85 ℃. After that, PMMA/PdSe2/mica is 

immersed into the 5% KOH solution for several hours to delaminate the PMMA/PdSe2 membrane 

from the mica substrate. After that, PMMA/PdSe2 is rinsed with DI water to remove KOH residue 

and fished on the polyimide substrate. PMMA/PdSe2/polyimide was then dipped into the acetone, 

followed by isopropanol cleaning to remove PMMA and contamination from PdSe2/polyimide. 

The PdSe2/polyimide is dried adequately at 65 ℃ for 10 minutes. Nevertheless, the involvement 

of PMMA and KOH partially contaminates the PdSe2 layer, which is not desirable. This delves 

our search for a more reliable contamination-free transfer of the PdSe2 layer. 

 

2. Water-assisted transfer process  

We discovered a unique water-assisted transfer method, which is facile and different from the 

conventional one. A salt-assisted sacrificial layer is grown via the CVD technique for the 

implementation of this method. Figure 6.8a illustrates schematics of our transfer strategy. The salt 

layer below the PdSe2 layer dissolves in water, which causes the spontaneous delamination of only 

PdSe2 layer within a few seconds after the water droplet insertion. The delaminated PdSe2 layer 

floated on the water surface is manually fished on the target substrate. The large area delamination 

of PdSe2 layer is critical in such a way that when the mica touched the water surface, the adhesive 

force between the water and PdSe2 layer should be higher than the electrostatic (van der Waal and 

non-van der Waal force) force between the PdSe2 layer and mica. After delamination, the PdSe2 

layer floats on the water's surface due to buoyant force. Further, the floated PdSe2 layer is fished 

on a flexible substrate and dried at 65 ℃ for 10 minutes. As can be seen from Figure 6.8b, the 

underneath NaCl layer is only present at the initiation zone, which is absent after the successful 

transfer. The schematic illustration in Figure 6.8c highlights the distribution of NaCl and PdSe2 

layers in the water-assisted transfer process. 
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Figure 6.8. (a) Schematic illustration of stepwise processes for the water-assisted delamination and 

transfer of PdSe2 layers on target substrate, (b) representative optical images to highlight the sustainability 

of underneath NaCl layer before the delamination process and absence of NaCl after transfer; (c). 

schematic illustration of PdSe2 layer before and after successful transfer.  

 

3. Scotch tape-assisted transfer  

Further, we adopted a simple dry transfer technique which is found to be very advantageous to 

freely suspend PdSe2 on any arbitrary substrate, as there is no capillary forces involved in the 

process. The scotch tape, which is a thermal release tape, was stamped on the as-grown film on 

mica surface, which is adhered to a glass slide to facilitate its handling. The bilayer PdSe2 flake to 

be transferred are deposited onto the thermal release tape by mechanical exfoliation. The surface 

of the thermal release tape is inspected under the optical microscope to select the thinner flakes 

having a faint contrast under normal illumination. Raman spectroscopy can also be carried out on 

the surface of the thermal release tape to confirm the thickness of the flake. In order to transfer the 
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flake to the acceptor foreign substrate surface, the thermal release tape is pressed against the 

acceptor surface (here PET) and peeled off very slowly after heating it on the hotplate at 130℃ 

for 15 minutes. The schematic illustration of scotch tape-assisted transfer of bilayer PdSe2 flake 

on PET substrate is given in Figure 6.9. 

 

 

Figure 6.9. (a) Schematic illustration of stepwise processes for the thermal release tape assisted transfer 

of bilayer PdSe2 flake on PET substrate. 

While using PMMA-assisted transfer, the polymer layer is removed using solvents at the end of 

the transfer process, but significant amounts of polymer residue can still be found on the transferred 

films. This PMMA residue in turn, leads to non-ideal effects such as unintentional doping effects. 

As seen in the AFM image Figure 6.10a, PMMA-assisted transfer leaves residue which is more 

than 8 nm in thickness. Water assisted transfer method produce folds and wrinkles in the bilayer 

PdSe2, due to the presence of trapped water blisters as confirmed from the AFM image (Figure 

6.10b). However, the water assisted transfer method is one of the most versatile methods that 

allows one to transfer flakes without using any polymers. Transferring freely suspended structures 

can be done straightforwardly in case of scotch tape assisted transfer technique. AFM image 

(Figure 6.10c) confirms that the bilayer is free from contamination after transfer, as the layer 
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thickness is 1.2 nm. The AFM thickness profile of PdSe2 layer is intact after the transfer. However, 

the edge of PdSe2 is flipped due to local shear force at the edges.  

 

Figure 6.10. AFM images of PdSe2 after (a)PMMA assisted transfer, (b) water assisted transfer, (c) scotch 

tape assisted transfer. 

 

6.3.3. Phase evolution of PdSe2 under uniaxial tensile strain 

Further, the impact of uniaxial strain on the PdSe2 layer transferred through different methods is 

investigated. After each transfer process, we have studied the effect of uniaxial tensile strain on 

the phonon spectra of the PdSe2 layer. In the case of the water-assisted transfer process and scotch 

tape-assisted transfer method, we found the evolution of Pd2Se3 phase under applied uniaxial 

tensile strain. In the case of water-assisted transfer, water molecules can interact with the PdSe2 

surface, disrupting the weak van der Waals bonds between the two PdSe2 layers. The interaction 

between water and the PdSe2 surface can induce defects at the interfaces. In the scotch tape 

exfoliation method, the tape adheres to the surface of the PdSe2 layer. When the tape is pulled off, 

it physically shears the PdSe2 away from the mica substrate. The scotch tape assisted exfoliation 

doesn’t directly affect the internal atomic structure of the defect rich PdSe2. When strain is applied 

to the scotch tape assisted exfoliated PdSe2, strain can change the distance between the two PdSe2 

layers which cause local deformation that can push the layers closer. Strain causes the defect rich 

PdSe2 layers to come into closer proximity and this may cause strong interlayer interactions, 

leading to fusion of the layers. This can facilitate the merging of two PdSe2 layers to Pd2Se3. In 

case of water-assisted transfer, 0.5 % of uniaxial tensile strain creates the equivalent energy to 

transform PdSe2 to Pd2Se3. Note that, 0.17% strain is enough to produce a Pd2Se3 in the case of 

scotch tape transfer involving mechanical exfoliation. In contrast, we did not observe any phase 
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evolution in the case of PMMA-assisted transfer, which could be attributed to the contaminated 

interface of the PdSe2 layer and substrate. The transfer methods and effect of uniaxial strain are 

explained in detail in the following section. 

We used a two-point bending method to introduce the uniaxial tensile strain to the PdSe2 layer. 

Assuming that the PET substrate with exfoliated PdSe2 before bending are virtually strain-free, we 

can compute the radius of curvature R, [16] the induced strain; ε = τ/R, where 2τ is the thickness 

of the substrate (Figure 6.11a). A slide caliper is probed to bend the PdSe2 adhered PET substrate 

(photograph shown in Figure 6.11b), to monitor the effect of strain on the Raman spectra of PdSe2. 

Raman spectra are collected using a 532 nm laser with 80 μW power and a spot size of ∼1 μm 

 

 

Figure 6.11. (a)  Schematic of strain engineering. (b) Photograph of two point bending method at the time 
of Raman measurement. 

Figure 6.12a shows the Raman spectra of the PdSe2 layer (PMMA-transferred) under applied 

uniaxial tensile strain from 0 to 0.5%. The 𝐴𝑔
1  and 𝐴𝑔

3  phonon mode positions are redshifted with 

increasing strain till 0.5 % (Figure 6.12a). The rate of shifting in Raman mode for 𝐴𝑔
1  and 𝐴𝑔

3  is -

0.51 ± 0.18 cm-1/% strain and -1.16 ± 0.18 cm-1/% strain, respectively.  
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Figure 6.12. Raman spectra of CVD-grown PdSe2 layer on the flexible substrate under applied uniaxial 
tensile strain for different transfer techniques. (a) PMMA assisted transferred sample. The cross symbol 
implies that even after 0.5 % applied strain, there is no evolution of the Pd2Se3 phase. (b) Water-assisted 
transferred sample. The arrow indicates the evolution of the Pd2Se3 phase at 0.7 % applied strain. (c) scotch 
tape assisted transferred sample. The symbol represents the evolution of the Pd2Se3 phase (the 
characteristic Raman peak at 156 cm-1) at 0.17 % applied strain. The vertical dotted line visualizes the 
redshift of Raman modes' peak positions in each case.  

The strain-induced Raman shift of the water-assisted transferred PdSe2 sample is shown in Figure 

6.12b, which indicates a redshift in the 𝐴𝑔
1  and 𝐴𝑔

3  modes with strain. However, the shift here is 

higher than that of the PMMA transfer case. The rate of shift of 𝐴𝑔
1  and 𝐴𝑔

3  are -3.91 ± 1.03 cm-

1/% strain and -3.87 ± 0.91 cm-1/% strain, respectively. It indicates that better stress transfer 

happens in the water- assisted transferred PdSe2 layer than PMMA transferred PdSe2 layer from 

the substrate. The better stress transfer in the water-transferred sample can be attributed to the 

contamination-free clean interface between the PdSe2 layer and the substrate. When 0.7 % tensile 

strain is applied, we observe that the 𝐴𝑔
1  and 𝐴𝑔

3  modes started shifting towards the initial value 

i.e., the peak shift is less than the 0.5 % strain along with an evolution of Pd2Se3 phase (marked 

with an arrow in Figure 6.12b). However, beyond 0.7 %, the redshift value becomes negligible 

with increasing strain. This indicates that the strain is relaxed due to decreasing stress transfer from 

the substrate due to slippage of the sample-substrate interface. The rate of shift of 𝐴𝑔
1  mode for 

scotch tape transferred PdSe2 membrane is - 4.61 ± 1.13 cm-1/% strain. The strain-dependent 

Raman spectra in scotch tape-assisted transferred sample reveals the evolution of the phase with 

the application of 0.17 % strain. 𝐴𝑔
1  mode of both PdSe2 and Pd2Se3 are fitted at their individual 
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peak positions to get the maximum intensity. The intensity ratio of 𝐴𝑔
1  mode of PdSe2 and Pd2Se3 

decreases from 10 to 1 with increasing strain (Figure 6.13a).  

 

Figure 6.13. (a) The intensity ratio of 𝐴𝑔
1  Raman mode of two phases as a function of applied strain. (b) 

Weight percentage of 𝐴𝑔
1  Raman mode for PdSe2 and Pd2Se3 as a function of strain which indicates that 

with increasing strain the contribution of Pd2Se3 phase increases. (c) 𝐴𝑔
1  peak positions of the two phases 

as a function of strain. 

The weightage of the 𝐴𝑔
1  mode of Pd2Se3 increases from 19 % to 58 % and with strain while that 

of PdSe2 decreases from 81 % to 42 %, with increasing strain from 0 to 0.4 % (Figure 6.13b). 

Figure 6.13c shows the trend in redshift of the 𝐴𝑔
1  mode of Pd2Se3 and PdSe2. A significant redshift 

(1.2 cm-1 and 1 cm-1) in the 𝐴𝑔
1  peak position of Pd2Se3 and PdSe2 has been observed until 0.32 % 

strain. Figure 6.13c show that the characteristic Raman peak of Pd2Se3 at 156 cm-1 started arising 

at 0.17 % of uniaxial strain. As the strain increases from 0.17 to 0.45 %, the intensity of 156 cm-1 

mode increases significantly. This indicates that the uniaxial tensile strain creates a compressive 

stress along the c-direction, which introduces the insertion of Pd atoms from two layers of PdSe2 

and finally form one layer of Pd2Se3. According to Xu et. al., strong interlayer interaction in PdSe2 

leads to Pd2Se3 stoichiometry, which is supporting our experimental observations.[17] To further 

investigate on Pd2Se3 phase evaluation, we have conducted rapid thermal annealing (RTA) at 

various temperatures. 

 

6.3.4. Impact of RTA on the Raman modes 

RTA was conducted on the sample to check the impact of temperature on the phase evolution. The 

Raman spectra of RTA at 300 ℃ treated sample show a new peak is at 198 cm-1, which is assigned 

to one of the Pd2Se3 peaks. The EDX spectrum of RTA at 350 ℃ treated sample is shown in 
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Figure 6.14, which predominantly show two peaks from Pd and Se, with the large peaks from the 

substrate.  

 

 

Figure 6.14. EDX spectrum of CVD grown PdSe2 after annealing at 350 ℃. 

Atomic percentages of the Pd and Se peaks can be used to confirm that a Se deficient condition 

arises in the annealed sample. The FWHM of 𝐴𝑔
1  and 𝐴𝑔

2  also significantly increase with increasing 

annealing temperature upto 300 ℃ (Figure 6.15a). This indicates that the crystallinity of the 

sample degrades at higher temperatures, which is attributed to the Se deficient condition in the 

parent material. As the concentration of Se vacancies increases, the interlayer distance 

decreases.[6, 10] According to Lin et. al., the interlayer distance between two PdSe2 layers 

decreases from 0.45 nm to 0.28 nm while attaining the Pd2Se3 stoichiometry, which is almost the 

typical Pd-Se bond length predicted by DFT calculations. But it remains to be seen whether this is 

experimentally achievable by any of the top-down exfoliation method or bottom-up CVD method. 

Interestingly, after RTA at 350 ℃, we have noticed appearance of sharp peaks at 157 cm-1, 189 

cm-1, 198 cm-1 and 212 cm-1. These peaks are assigned to the Pd2Se3 modes,[14] which is formed 

due to the merging of bilayer PdSe2 in presence of Se defects.  
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 Figure 6.15.(a) Raman spectra of CVD grown PdSe2 layer at room temperature (RT) and RTA 

temperatures at 200 ℃, 300 ℃ and 350 ℃. (b) HRTEM image of PdSe2 after RTA at 350 ℃. 

 

To further confirm the evaluation of new Pd2Se3 phase, we have carried out HRTEM imaging on 

the RTA treated samples. The HRTEM image (Figure 6.15b) confirms the existence of both the 

Pd2Se3 and PdSe2 phases in the RTA at 350 ℃ sample. The inevitable presence of Se vacancies 

triggers the interlayer fusion providing the premise for the merging of the two PdSe2 layers. 

 

6.4.  Conclusion 

A scotch tape transfer method has been developed to transfer the as-grown PdSe2 film from the 

growth substrate to a flexible substrate and study the phonon responses under uniaxial tensile 

strain. The phase evolution of the van der Waals PdSe2 layer to Pd2Se3 under the uniaxial tensile 

TH-3674_196153010



187 | C h a p t e r  6  

 

strain of > 0.2 % in the case of scotch tape transfer and of > 0.5 % in the case of water-assisted 

transfer. The precise strain engineering can evolve the PdSe2 layer into a Pd2Se3 probed by Raman 

fingerprints. In summary, these results show that the external strain can lead to phase transition in 

layered PdSe2 sheet, which can be used to discover and control new phases of other 2D materials. 

Therefore, expanding the portfolio of phase-change materials will open up new application spaces 

in the research area, and it play a crucial role in the development of new devices and technologies 

in the future.  
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Chapter 7 - Summary and Outlook 

This thesis investigates the unique synthesis techniques, properties, transfer techniques and 

potential applications of CVD grown 2D PdSe2, 2D PdSe2 dendrites, PdSe2 nanoscroll and their 

future scopes for fundamental studies and multifunctional applications.  

7.1.  Summary and Highlights of Thesis  

This thesis explores systematic study on CVD synthesis of PdSe2, PdS2, PdTe2, NaCl assisted CVD 

synthesis of PdSe2, PdSe2 dendrites, controlled bilayer PdSe2 and PdSe2 nanoscroll. The PdSe2 

growth is carried on varieties of substrate such as mica, Si, SiO2, TiO2, glass, sapphire, quartz to 

study the substrate effects on the dendritic PdSe2. When subject to tensile strain, we show that 

bilayer PdSe2 can undergo a phase transition into Pd2Se3 due to Se vacancies and interlayer fusion 

of two PdSe2 layers. We develop a novel and facile growth strategy for dendritic growth. Utilizing 

the advantages of water solubility of NaCl, we have demonstrated a chemical etchant-free and 

large-area transfer of PdSe2 dendrites, which fully overcomes the limitations of PMMA-assisted 

transfer technique. The conversion of PdSe2 into PdSe2 nanoscroll via Pd nanoparticles and 

unscrolling into sheet are fully controlled under H2O environment. Encapsulation of PdSe2 

nanoscroll with live cancer cells demonstrated that the Pd nanoparticles attack the cancer cell 

leading to the nuclear arrest and death of cancer cells. Further, the bilayer PdSe2 is exploited for 

the finding of thermal conductivity. The estimated thermal conductivity is ~36.8 W/m. K and ~10.1 

W/m. K for bi-layer and few-layer (~5L) PdSe2 respectively. Dendritic PdSe2 detects Rhodamine 

B (RhB) with a significant SERS enhancement (> 105), whereas SERS spectrum of MB molecules 

at the PdSe2-Pd2Se3 region decorated with Pd NPs shows the highest enhancement factor of 3105. 

The significant contributions of the thesis are summarized as follows: 

7.1.1. Salt-catalyzed directed growth of bilayer PdSe2  

We developed a salt solution-assisted catalytic growth of dendritic strictly bilayer PdSe2 and other 

NTMDs on mica substrate. Besides the growth kinetics, we provided a clear vision of the PdSe2-

Pd2Se3 junction as a metallic wire using DFT calculations and experimental evidence of growing 

such junctions. The SERS spectrum of MB molecules at the PdSe2-Pd2Se3 junction region 

decorated with Pd NPs shows significantly higher SERS enhancement. DFT calculation shows that 

the PdSe2-Pd2Se3 junction has a metallic property accountable for the high SERS sensitivity. We 
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introduce a NaCl catalyzed CVD growth of 2L PdSe2 dendrites and PdSe2-Pd2Se3 junctions on the 

mica substrate through the salt solution pre-treatment. The pre-treated structure triggers the 

formation of molten Pd-O droplets, which undergo a phase evolution from Pd NPs to Pd2Se3 (in 

Se-poor condition) to PdSe2 (in Se-rich condition). Pd NPs hotspots on PdSe2-Pd2Se3 junctions 

enable significant SERS enhancement with an enhancement factor (EF∼3×105), to detect 

methylene blue molecules due to multiple factors, such as charge transfer and electromagnetic 

field enhancement. This is confirmed by DFT calculations and Finite element method (FEM) 

simulation, along with Raman imaging. The FEM simulations revealed an electric field 

enhancement factor of 5.546×103 for Pd NPs decorated bilayer PdSe2, and the remaining 

enhancement factor is expected to be contributed by charge transfer mechanisms. This work has 

been published in “Chem.Mater. 36,5922−5934 (2024)”. 

 

7.1.2. Temperature-dependent Raman study of CVD grown PdSe2  

We have grown ultrathin sheet-like bilayer and ribbon-like few-layer PdSe2 on mica substrate with 

high chemical and structural uniformity via a low temperature CVD growth process. Temperature-

dependent Raman studies have been carried out to understand the phonon-phonon interactions in 

the as-grown bilayer and few-layer (5-layer) PdSe2. We found a wide variation of temperature co-

efficient in CVD- grown PdSe2. This work reveals that evaluating the temperature co-efficient is 

an alternative approach to find the anisotropic ratio in PdSe2 using an unpolarized laser. We found 

an anisotropic ratio, 1.42 and 1.28 for bilayer and few-layer, respectively with using unpolarized 

laser source. We have estimated the thermal conductivity of few-layer PdSe2, utilizing Raman 

spectroscopic measurement technique. At room temperature, the estimated thermal conductivity is 

~36.8 W/m. K and ~10.1 W/m. K for bi-layer and few-layer (~5L) PdSe2 respectively. This work 

has been published in “J. Mater. Chem. C, 9, 16693–16708 (2021)”. 

 

7.1.3.  2D PdSe2 dendrites for plasmon-free SERS substrate  

We addressed high vacancies of upper Se atoms, as we know surface Se atoms can escape more 

easily. From the TEM and AFM image analysis, a systematic study on various defects, edge 

geometry, and nanopore in dendritic PdSe2 has been presented. Near-infrared (NIR) PL studies 

revealed a decrease in bandgap in monolayer and bilayer dendritic PdSe2, which further supports 

the presence of Se vacancies. In addition, an additional peak in the XPS spectrum confirms the 
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presence of defects in PdSe2. It is shown that defects, nanopores, and edge geometry in dendritic 

PdSe2 act as trapping sites for foreign molecules. These active sites and vacancies play a crucial 

role in the enhanced Raman signal of Rhodamine B. SERS signal associated photoluminescence 

of RhB/PdSe2 hybrid system confirms that the Se vacancy sites in defective dendritic PdSe2 act as 

hotspots for SERS of RhB molecule. The density functional theory (DFT) calculations show that 

the inclusion of the Se-defect into the PdSe2 system alters its electronic behavior from 

semiconductor to metallic. The topological line defect of SeTLU (top layer upper Se atom) in PdSe2 

in presence of excess Pd behaves as quasi-one-dimensional metallic wire, which is responsible for 

the high SERS enhancement. This work has been published in “npj 2D Materials and Applications 

(2023) 7:8 (2023)”. 

 

7.1.4.  Scrolling and unscrolling of bilayer PdSe2 for selective killing of cancer cells 

We have demonstrated the scrolling of bilayer PdSe2 and its unscrolling using an external stimulus; 

heat. The nanoscrolls are formed from the edges of bilayer PdSe2 sheet. The conversion of PdSe2 

into PdSe2 nanoscroll via Pd nanoparticles and water- assisted unscrolling into sheet structures are 

fully controlled under H2O environment. Unscrolling of the PdSe2 nanoscroll is triggered by 

increasing the temperature to nearly 55 ℃ in H2O environment. The structures are characterized 

using spectroscopy and microscopy. We have observed that the PdSe2 nanoscroll tends to unscroll 

its free outer layer, which is useful for the delivery of cargo in a specific condition. We highlight 

its applicability by encapsulating live cancer cells, where Pd nanoparticles attack the cancer cell 

leading to the nuclear arrest and death of cancer cells. 

 

7.1.5.  Strain-induced phase transition of bilayer PdSe2 to Pd2Se3 

We investigated the uniaxial tensile strain mediated evolution of new Pd2Se3 phase from the high 

quality PdSe2 bilayer. To obtain stable bilayer PdSe2, we employ a two-step growth method. To 

perform strain engineering on PdSe2, we have transferred it onto a flexible PET substrate after 

growth on mica substrate. As PMMA assisted transfer technique involves polymers, a scotch-tape 

assisted transfer technique is introduced to eliminate any unwanted effects by polymers. Using 

Raman spectroscopy, we show that bilayer PdSe2 can undergo phase transition into Pd2Se3 due to 

Se vacancies and interlayer fusion of two PdSe2 layers, when subject to tensile strain. This phase 

transition arose in the case of polymer free transfer methods like, water assisted and scotch tape 
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assisted transfer techniques; whereas the phase transition is unachievable in the case of polymer 

assisted transfer techniques. Here we particularly focus on the Raman intensity, in which the 

Raman intensity did not notably change under strain. Drastic change in the Raman intensities is 

observed in the process of applying uniaxial tensile strain. Under the uniaxial tensile strain of > 

0.5 % in the case of water-assisted transfer and of > 0.2 % in the case of scotch tape transfer; 

bilayer PdSe2 change its phase to Pd2Se3. Further RTA analyses confirmed the transition of PdSe2 

phase to Pd2Se3 with the generation of new Raman peaks at 157 cm-1, 189 cm-1, 198 cm-1 and 212 

cm-1.  

 

7.2. Novel contributions to the PdSe2 world 

The primary contribution of this thesis is the development of a salt-solution-assisted, highly 

reproducible synthesis method for bilayer PdSe2. This approach addresses key limitations in 

current PdSe2 research, particularly the reliance on mechanical exfoliation and high-temperature 

CVD techniques, which are not easily scalable for industrial applications. Here are some novel 

contributions in the PdSe2 field: 

1. This thesis introduces a novel low temperature NaCl assisted CVD synthesis route for 

PdSe2, PdS2, PdTe2, PdSe2 dendrites, controlled bilayer PdSe2. 

2. We introduce a controlled H2O assisted chemical etchant-free transfer technique of PdSe2, 

which fully overcomes the limitations of PMMA-assisted transfer technique. 

3. This work develops a PdSe2-Pd2Se3 junction region experimentally decorated with Pd NPs 

demonstrating its applicability in higher SERS enhancement.  

4. This work demonstrates that utilizing Raman spectroscopic measurement technique, the 

estimated thermal conductivity is ~36.8 W/m. K and ~10.1 W/m. K for bi-layer and few-

layer (~5L) PdSe2 respectively. 

5. This thesis provides a systematic study on defects, nanopores, and edge geometries in 

bilayer dendritic PdSe2, which act as trapping sites for foreign molecules. These defect 

sites induce a transition in the electronic behavior of PdSe2 from semiconducting to 

metallic, playing a crucial role in the enhanced Raman signal of Rhodamine B.  

6. This thesis presents the first report on synthesis of PdSe2 nanoscrolls. We demonstrate the 

scrolling and unscrolling of bilayer PdSe2 in response to external stimuli.  
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7. This thesis proposes on the first study on PdSe₂ nanoscrolls in the field of cancer research. 

Notably, the nanoscrolls exhibit a unique tendency to unscroll their free outer layer under 

specific conditions, making them promising vehicles for targeted cargo delivery. To 

demonstrate their biomedical potential, we encapsulate live cancer cells within the PdSe₂ 

nanoscrolls and introduce palladium nanoparticles (Pd NPs), which selectively interact 

with the cell, inducing nuclear arrest and ultimately leading to death of cancer cell. 

8. This thesis investigates the uniaxial tensile strain mediated evolution of new Pd2Se3 phase 

from the PdSe2 bilayer. 

 

7.3. Scope for Future Work 

While 2D PdSe2 has shown immense promise across a wide range of applications in 2D field, 

several challenges remain. One of the main limitations identified in this thesis is the difficulty of 

producing bilayer PdSe2, PdSe2 dendrites, and PdSe2 nanoscroll. Future research should focus on 

optimizing synthesis techniques, such as improving the consistency of chemical vapor deposition 

methods and exploring alternative routes for scalable production. Additionally, more efforts should 

be made to develop efficient techniques for integrating PdSe2 and PdSe2 nanoscroll into biomedical 

field. A few of the future scopes are listed below: 

1. The future of PdSe2 lies in the NaCl solution-assisted layer-controlled CVD technique, the 

large-scale synthesis and large-area chemical etchant-free transfer of bilayer PdSe2, 

providing a novel and easy pathway for commercial device fabrication. 

2. Nanopore sensing involves using tiny pores to detect the size, and other properties of 

foreign molecules as they pass through or interact with the nanopore. In the field of 

nanopore sensing applications, there exist two major limitations fundamental to 

conventional methods of fabricating nanopores: (i) high dependence on high-end 

instruments like STM, TEM to drill nanopores, (ii) only a single nanopore can be processed 

at a time. Therefore, there is a constant demand for a stable pore fabrication technique for 

the mass production of nanopores. Hence, there is intense research to achieve nanopores in 

stable 2D material. As a stable 2D NTMD, PdSe2 with controlled nanopores can gain 

significant attention in the field of nanopore sensing due to its in-plane anisotropic 

properties. 
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3. The flexibility and mechanical properties of PdSe2 open up exciting possibilities in flexible 

electronics and wearable devices. However, further research is needed to enhance its 

robustness, and to explore how it can be combined with other materials to improve 

performance and durability in flexible applications.  

4. We anticipate that 2D PdSe2 may replace the BP in the biomedical field due to its in-plane 

anisotropy with high stability in ambient conditions. In the field of Cancer biology, PdSe2 

nanoscroll can be loaded with chemotherapy drugs and targeted specifically to cancer cells.  

5. The phase evolution of Pd2Se3 from bilayer PdSe2 is a topic of great interest in material 

science due to the impact of these phases on its electronic, optical, and mechanical 

properties. These phases can be controlled by various external factors such as temperature, 

pressure, or chemical treatments. The transition between these phases is significant because 

each phase exhibits distinct characteristics that can be exploited in different applications. 

6. Improving the quality of PdS₂ and PdTe₂ is essential for realizing their full potential in 

applications such as electronics, optoelectronics, catalysis, energy storage, and sensors.  

7. As PdSe2 nanoscroll can unscroll, functionalizing PdSe2 nanoscroll with targeting ligands 

that bind to cancer cell receptors would enhance the specificity of drug delivery, 

minimizing side effects typically associated with chemotherapy. 
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