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     Abstract 

Low dimensional materials, such as two-dimensional (2D) layered materials, have 

attracted significant attention over past decades due to their unique electrical and optical 

properties. Nonlinear optical processes are of great interest for various applications, e.g., 

microscopy, therapy, optical switches, ultrashort pulsed laser and frequency conversion. 

This thesis primarily discusses the extraordinary nonlinear light matter interactions in low 

dimensional materials via nano-manufacturing techniques using structural engineering 

methods such as strain engineering, folding and thermal variation. 

Firstly, strain induced wrinkles and folds in 2D layered materials are achieved using a 

new fabrication technique through controlling the strain. The improved electrical and 

optoelectronic characteristics of strain induced wrinkles and folds are explored via atomic 

force microscopy (AFM), surface potential, current and photo-current measurements for 

potential applications in optoelectronics devices. Interlayer screening effect is found as 

the dominant factor causing layer dependent surface potential reduction for both perfect 

pack layers (flat WS2) and twisted layers (folded WS2). Strain is found to tune semi 

conductive junction properties significantly (~12.5% reduction in Schottky barrier height 

per % strain) and laser illumination is found to cause further lowering of SBH due to 

photo generated carriers. 

Secondly, nonlinear light matter interactions in 2D layered materials are investigated 

through optical second harmonic generation (SHG). SHG from twisted layers of folds are 

found to follow vector superposition principle of SH wave vectors coming from 

individual layers of fold. As a result, folding angle in trilayer folds is measured accurately 

through polarization dependent SHG response. Strain dependent SHG quenching and 

enhancement in the direction parallel and perpendicular respectively to the direction of 

the compressive strain vector is found in polarization dependent SHG. As a result, a 
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complete strain vector in strain induced wrinkles is measured accurately through 

polarization dependent SHG which is explained using photoelastic approach for ultrathin 

TMDs. Band-nesting induced transition (C peak), which can be significantly modulated 

by strain, is found to highly enhance SHG and is also discussed. 

Thirdly, SHG response of layered TMDs is shown highly sensitive to temperature 

modulation. Temperature dependent SHG is found to show opposite trends for single 

layer and few odd layers (3L, 5L, 7L, etc) of TMDs. A remarkable temperature dependent 

SHG enhancement is found in single layer MoSe2 whereas few odd layers show 

significant temperature dependent SHG reduction. Temperature dependent SHG 

investigation with other TMDs i.e. MoS2, WS2 and WSe2 shows the similar trend which 

reveals an important structural characteristic for TMDs.  

Finally, an additional study is performed on light matter interactions in 1D Pentacene 

nano wires which is another class of low dimensional materials. Pentacene nano wires are 

grown on hBN using vapour deposition approach. Pentacene nanowires show high 

crystalline features which are explained through Shpol’skii effect. 

In sum, this thesis is focused on nonlinear light mater interaction in 2D materials for 

applications in various optoelectronic and nonlinear photonic devices.  
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1 INTRODUCTION 

 

1.1 Background  

Nonlinear light matter interactions is the study of the nonlinear behaviour of material in 

response to the applied optical field.1,2 For instance, intensity of second harmonic light 

from a non-linear medium shows a quadratic scaling behaviour in response to the applied 

laser light. Non-linear materials play an important role in the field of photonics such as 

photon generation, imaging and photon manipulation.3–6, Therefore, these materials are 

also used in various photonic applications such as lasers7, waveguides8–11, optic fibres12, 

optical frequency converters,13,14 optical switches15,16 and photo detectors.17–19 

Conventional  nonlinear photonic devices are based on bulk materials which belong to 

non-inversion symmetric crystal classes such as Lithium Niobate (LiNbO3),20–23 Barium 

Titanate (BaTiO3), -BaB2O4 (BBO)24,25 etc. Nonlinear properties of optical materials are 

highly dependent on phase matching conditions. The dimensionality of optical materials, 

a key factor for phase matching, thus plays an important role on the efficiency of 

nonlinear light matter interaction. Conventional non-linear materials, due to phase 

matching issues, have certain limitations making them unsuitable for future nonlinear 

photonic devices 26,27. On the other hand, ultrathin materials, with a thickness far below 

the optical coherence length, eliminate the requirement for phase matching. As a result, 

these materials show extraordinary nonlinear light matter interactions causing highly 

enhanced nonlinear properties26,28. Researchers have shown that some 2D materials show 
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strong non-linear optical properties, such as the SHG (second harmonic generation) 

signals from 2D TMDs are found/predicted to be a few orders of magnitude greater than 

that of common bulk materials29–33. For instance, extraordinary SHG enhancement (10-

1000 times) is discovered in monolayer/multilayers of MoS2,34,3536 MoSe2,37 WS238, 

WSe239 . 

In addition, nonlinear properties in 2D layered materials can be tuned using various 

techniques, such as electric tuning40, exciton resonances41, thickness variation35, valley 

selection42, dielectric43 and nanostructures enhancement44 which can optimize the 

performance of nonlinear optical devices. Apart from that, nonlinear interaction of light 

in 2D materials has potential for various characterization modes, such as layer 

identification35, lattice orientation35, phase variation28, defects characterization45–50, 

piezoelectric and ferroelectric detection26,51–53, bio imaging54, etc., thus making optical 

harmonic generation a powerful characterization tool for 2D materials. Furthermore, 

optical harmonic generation in 2D materials pave the way for various applications in 

device making and bio-imaging.  

1.2 Non-linear light matter interactions  

When an electric field strength E is applied to a nonlinear material, the polarization P of 

that material system takes the form of power series expansion and can be expressed as;2,6 

       (1.1) 

The  terms with n > 2 are 

called nonlinear optical processes.  Specifically,  is the second order non-linear 

susceptibility,  is the third order non-linear susceptibility and so on.1We refer the terms 

 and  as the second-order and third-order nonlinear polarization2 
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respectively whereas the terms with n>4 are termed as higher order nonlinear 

polarization. Eq. (1.1) shows if optical field is quite strong or non-linear susceptibility of 

the material is large enough then higher-order (n>2) terms in Eq. (1.1) become obvious 

which give rise non-linear optical behaviour.19  

Nonlinear light matter interactions include the optical harmonic generation (OHG) 

processes which show nonlinear polarization behaviour (i.e n is not equal to 1).   

 

 

 

 

 
Figure 1.1 | Fundamentals of optical harmonic generation (HG).  
Schematic diagram of different types of optical harmonic generation processes including second, third, high 
and half harmonic generation. 

Optical harmonic generation processes include second harmonic generation (SHG), third 

harmonic generation (THG) and high harmonics generation (HHG) processes which are 

discussed as follow;  

1.2.1 Second harmonic generation  

Second Harmonic Generation (SHG) is a second-order (n=2) nonlinear optical process, 

in which two photons of same frequency  merge into a single photon with double 

frequency 2 31,34,37,38,55–60, as shown in Figure 1.1. SHG response of the material depends 

on loss of inversion symmetry, lattice orientation, saturable absorption, frequency of the 

applied optical field.26 For instance, 1L TMDs, with lack of inversion symmetry and good 
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phase matching, show strong SHG response. Even layers of TMDs and graphene, on the 

other hand, show weak SHG response due to their centrosymmetric nature.35 The 

potential applications of SHG effect in 2D materials include ultrashort pulsed laser, 

photonic circuits, GHz technology, material characterization such as determination of 

lattice orientation.35,39 

1.2.2 Third harmonic generation  

Third Harmonic Generation (THG) is a third-order (n=3) nonlinear optical process, in 

which three photons of same frequency  merge into a single photon with triple frequency 

3 , as shown in Figure 1.1.58 In contrast to SHG, THG response of the material does not 

depends on intrinsic crystal symmetry. Therefore, Graphene, despite its centrosymmetric 

structure shows strong THG response whereas it has weak SHG response.61–64 THG effect 

is 2D materials has potential applications in bio imaging65,66, photonics devices.67 and 

materials’ characterization66,68 such as identification of layer number58, grain boundaries 

detection49, crystallographic orientation determination.69  

1.2.3 High harmonic generation  

High Harmonic Generation (THG) is high-order (n>4) nonlinear optical process, in which 

four or more photons of same frequency  merge into a single photon with n  frequency, 

as shown in Figure 1.1. Even harmonic generation processes are sensitive to intrinsic 

crystal symmetry whereas odd harmonic generation processes do not depend on intrinsic 

crystal symmetry.70 Traditionally, HHG is observed in various bulk crystals such as 

ZnO71, Si72 and GaSe73, liquid phases74 and the rare-gas phases such as Ar and Ne.75–79 

Theoretical analysis shows that HHG is linked with electron dynamics within the 

materials. Therefore, strong many-body interaction, electronic properties and reduced 

interlayer screening make 2D materials an ideal platform to observe high harmonic 
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generation processes. For example, In 1L MoS2, higher order harmonics between 6th and 

13th generation and its polar response was demonstrated using an intense mid-IR 

excitation (0.3 eV).70 HHG has important implications in atto-second physics and ultra-

short pulse generation.80  

Table 1.1 SHG properties of 2D materials 

Group Material
Second order susceptibility “pm/V” 1] (wavelength)

Fabrication Thickness Substrate
Experimental Simulations

Graphene

h BN

TMDs [4]

MoS2

WS2

MoSe2

WSe2

MoTe2

Group
III–VI

GaS

GaSe

GaTe

InSe

Group
IV–VI

GeSe

GeS

SnSe

SnS

Other
Materials

In2Se3
Bi2Se3
SiC
ZnO
GaN

 

[1] Non-linear susceptibility units are displayed in pm/V.  
[2] ABA (Bernal stacked) 
[3] ABC (Rhombohedral) 
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[4] The values TMDs mentioned are for 2H phase of TMDs. 
[5] Multilayers 

 

Table 1.2 THG properties of 2D materials 

Group Material

Third order susceptibility [1]
(wavelength) Fabrication Thickness Substrate

 

[1] Non-linear susceptibility units are displayed in × 10 19 m2V 2.  

 

1.2.4 Low frequency generation 

Low frequency generation or sub frequency generation refer to spontaneous parametric 

down conversion (SPDC) processes such as half harmonics (n=1/2). Half harmonic 

generation is a nonlinear optical process, in which a photon of fundamental frequency  

splits into two photons /2 frequency each, as shown in Figure 1.1a. Half-harmonic 

generation in bulk materials such as Gallium Phosphide (GaP)100 and Gallium Arsenide 

(GaAs)101–103 is demonstrated over broadband mid-infrared frequency generation. 

Inversion symmetry breaking in ultra-thin 2D materials not only causes improved second 

harmonics, it can also result in spontaneous parametric down conversion (SPDC) such as 

half harmonics. For example, Hatef et. al.104 observed exciting half harmonic emission 

response at 1560nm (IR) in 1L MoS2 using 780nm laser excitation beam showing 

maximum non-linear susceptibility ( ) around 1000pm/V. Half HG process is used in 
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generation of mid-infrared and near-infrared waves, photonic devices such as optical 

parametric oscillators and modulators.105  

1.3 Low-dimensional materials 

Low dimensional materials have increased research interest soon after he discovery of 

Graphene in 2004 due to their interesting properties. For instance, Graphene (2D) is a 

superconductor with excellent electrical and mechanical properties which is totally 

different from Graphite (3D bulk form).106  Therefore, low dimensional materials107–111 

have got tremendous attention and are mainly classified into three types (Figure 1.2). 

 

Figure 1.2 | Classifications of low dimensional materials. 
Reproduced with permission. Copyright 2016, Springer Link Publications.112   

1.3.1 Zero-dimensional (0D) materials  

In 0D materials, all of the three dimensions are in the nano metric range.106 For example, 

nano particles, nano powders, quantum dots, etc.113–115 Recently, significant progress has 

been made in the field of 0D materials. A rich variety of physical and chemical methods 

have been developed for fabricating 0D materials with well-controlled dimensions. 

Recently, 0D materials such as particle quantum dots, core–shell quantum dots, hollow 

spheres and nano lenses have been synthesized by several research groups 116–124. 

Moreover, they have been extensively studied in light emitting diodes (LEDs)125,126, solar 

cells127, field effect transistors128, and lasers115,129. 
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1.3.2 One-dimensional (1D) materials  

In 1D materials, two dimensions are in the nano metric range and third dimension remains 

large.106 These structures have shape like rods. For instance. nano tubes, nano rods, nano 

wires etc.130,131 It is generally believed that 1D materials are ideal systems for exploring 

a large number of novel phenomena at the nanoscale and investigating the size and 

dimensionality dependence of functional properties. For instance, carbon nano-tubes 

(CNT) have shown interesting dimensional, electrical and optical properties. In the past 

decade, 1D materials such as nanowires, nanorods, nanotubes, nanobelts, nanoribbons 

have attracted an increasing interest due to their potential applications in nanoelectronics, 

photonics and biomedical applications.115,131–137  

 

Figure 1.3 | Schematic plot of MoS2, a typical member of TMDs.  
Reproduced with permission138. Copyright 2011, Nature Publishing Group.  
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1.3.3 Two-dimensional (2D) materials  

In 2D Materials, only one dimension is in the nano metric range whereas other two 

dimensions remain large.106 For instance, nano thin films, nano coating, nano layers, 

etc.139–141 Soon after the discovery of graphene, 2D layered materials have gained huge 

interest.142,143 2D layered materials typically consist of covalently bonded atomic layers 

that are weakly bonded together by Van der Waals forces and can be isolated into single 

or few atoms thick nanosheets.106 A variety of techniques including mechanical 

exfoliation, liquid exfoliation, and chemical vapor deposition (CVD) have been employed 

to synthesize 2D materials.130,144–147 Apart from graphene, scientists and researchers have 

found some new 2D layered materials with interesting features such as transition metal 

dichalcogenides (TMDs), Phosphorene, etc.146,148  

2D TMDs (MoS2, WS2, MoSe2, WSe2, etc) represent a large family of layered materials 

in which atoms are covalently bonded in a single layer and different layers are stacked 

together by weak Van der Waals interaction (Figure 1.3). TMDs exhibit tuneable band 

gaps that can undergo a transition from an indirect band gap in bulk crystals to a direct 

band gap in monolayer nanosheets.146 Therefore, TMDs have thus emerged as an exciting 

class of atomically thin semiconductors for a new generation of electronic and 

optoelectronic devices.  

1.4 Synthesis of Low Dimensional Materials 

Low dimensional materials are synthesized using two techniques: top down exfoliation 

(mechanical or solution exfoliation) and bottom up growth (vapor deposition, pulsed 

laser deposition, or wet chemical method). Mechanical exfoliation and vapour deposition 

are the most common synthesis methods for low dimensional materials which are 

described as follow;  
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Mechanical Exfoliation. This method uses micromechanical cleavage of bulk crystals to 

get low dimensional materials. This technique is commonly used to get 2D layered 

materials, such as monolayer and multilayer of TMD. In 2004, a team from the University 

of Manchester prepared monolayer graphene from graphite using scotch tape method.  In 

this technique, a scotch tape is placed on the bulk crystals and subsequently removed. The 

scotch tape, with tiny flakes coming off the bulk material, is pressed against the surface 

of a substrate. On removing the scotch tape, tiny flakes are deposited on the substrate. 

Even though mechanical exfoliation provides high quality deposition of tiny flakes, 

however, this process is not a scalable production method suitable for industries 145,149–

152.   

Liquid phase exfoliation. Liquid phase exfoliation is another effective way for preparing 

high quality layered materials. For this method, there are several critical stages: oxidation 

treatment, ion intercalation/exchange, and surface passivation of solvents. It is one of the 

most used layered material preparation methods in photonic device applications. This is 

because it has many advantages, such as simplicity, efficiency, low cost, high scalability, 

and standardized production process [149]–[152]. 

Vapour deposition. Physical or chemical vapour deposition is one of most common 

methods to synthesize low dimensional materials. Chemical vapour deposition is a 

common bottom up method to prepare nanomaterials on fixed substrates through the 

reaction of precursors at high temperatures. Physical vapour deposition is a well-known 

technique to fabricate nanomaterials on fixed substrates through the vapour deposition of 

a single material at high temperature. Moreover, pulsed laser deposition has also attracted 

wide attention153.  
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1.5 Motivation and Thesis synopsis 

Low dimensional materials show great potential for optoelectronic applications. 

Recently, enormous attention is given to explore the non-linear properties of low 

dimensional materials.26 They show strong non-linear optical properties, due to their 

unique layer dependent optical properties and good phase matching. 29–33 Non-linear 

optical interaction has potential applications in various photonic applications such as 

lasers7, waveguides8–11, optic fibres12, optical frequency converters,13,14 optical 

switches15,16 and photo detectors.17–19 Nano manufacturing techniques such as local strain 

engineering, and homo-structures/folding, etc provide functional control over critical 

optoelectronic properties of low dimensional materials. For instance, strain engineering 

is shown to reduce the carrier effective mass and modify the valley structure, thus leading 

to an increase in its career mobility in atomically thin MoS2.154–161 Homo-structures and 

folding are shown to tailor electron and phonon properties.162 Thermal variation, in 

addition, is shown to alter optoelectronic properties such as bandgap modulation163, 

variation in phonon modes164–167, tuning in carrier mobility168. Ultra-thin TMDs are 

particularly well-suited experimental platform for this purpose due to their high flexibility 

and deformability. Here, we aim to explore nonlinear light matter interactions in 2D 

materials through nanomanufacturing techniques using structural engineering such as 

strain engineering, folding, thermal modulation.  

Chapter 2 will highlight the optical harmonic generation processes in 2D materials. In 

this regard, the role of optical harmonic generation is highlighted for various types of 

characterizations in 2D materials, such as layer identification, lattice orientation, phase 

variation, defects characterization, piezoelectric and ferroelectric detection, etc. Then, the 

main approaches to tune optical harmonic generation in 2D maters are discussed, such as 
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gate tuning, exciton resonances, etc. Finally, several potential applications of optical 

harmonic generation processes in 2D materials, such as photonic devices, imaging and 

sensing, etc., are discussed.  

Chapter 3 will discuss local strain engineering and folding as effective nonmanufacturing 

technique to tune optoelectronic properties of 2D materials. Local strain engineering and 

folding in 1-3L WS2 will be achieved using a new fabrication technique. Layer dependent 

surface potential measurements will be done for both folded layers and naturally stacked 

layers in 1-3L WS2. Dark current and photo current measurements in strained and folded 

WS2 will be done to explore the effect of straining and folding on optoelectronic 

properties.  

Chapter 4 will talk over nonlinear light matter interaction in folded and strained WS2 

evaluated through SHG (second harmonic generation). Polarization-dependent SHG as a 

single tool is used to probe folding angle (stacking angle between the individual layers of 

the fold) and strain vector precisely in atomically thin tungsten disulphide (WS2). 

Trilayers fold are found to show extraordinary SHG enhancement with folding angle 

modulation which is explained using vector superposition of SH wave vectors coming 

from the individual layers of the folds. Strain is shown sensitive to strain vector. Strained 

TMDs are studied using polarization dependent SHG which allowed us to find the local 

strain vector accurately using photoelastic effect. SHG, sensitive to band-nesting induced 

transition (C-peak), is shown to be significantly modulated through strain modification.  

Chapter 5 will focus the temperature dependent SHG investigation in thin Layers of 

TMDs. Layer dependent SHG response in TMDs is found sensitive to temperature 

modulation showing opposite trends for single layer and few odd layers (3L, 5L, 7L, etc) 
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of TMDs. SHG, as a powerful and sensitive approach, is used to investigate thermal 

variation in ultrathin TMDs. 

Chapter 6 discusses an additional study performed on light matter interactions in 1D 

Pentacene wires which is another low dimensional class of the materials.  Pentacene nano 

wires are grown on hBN (hexagonal Boron Nitride) using vapour deposition approach. 

Pentacene nanowires show high crystalline features which are studied through 

photoluminescence spectroscopy. 

Finally, Chapter 7 will give an overall conclusion of this dissertation, and prospects for 

future work in this field will also be discussed. 
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2 OPTICAL HARMONIC 
GENERATION IN 2D 
MATERIALS 

Recently, optical harmonic generation has been shown as a powerful technique to 

understand the characteristics of 2D materials. Apart from that, 2D materials offer an 

exciting platform to tune optical harmonic generation for various nonlinear device 

applications. Here, the first section of this chapter will discuss different types of 

characterization modes in 2D materials using optical harmonic generation whereas 

second section of this chapter will discuss optical harmonic generation tuning in 2D 

materials.  

2.1 Characterization of 2D materials using optical harmonic 
generation 

In order to better understand the features of 2D materials, analytical tools for nano-scale 

characterization are required. Optical techniques offer a non-invasive, simple and quick 

way to characterize the layered TMD. Here we show that optical harmonic generation is 

a simple, easy and quick way to identify various characteristics of 2D layered number 

such as layer identification[1], lattice symmetry and orientation[2], twisting angles[3], strain 

direction and intensity[4,5], piezo and ferro-electric response[6,7] which make optical 

harmonic generation a powerful technique for 2D materials characterization. 
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2.1.1 Layer Identification, symmetry breaking and preservation 

2D layered materials such as TMD, graphene, BP, etc show exciting layer dependent 

properties which are important for both scientific knowledge and device fabrication.[8,9] 

Therefore, researchers and device makers need an accurate and quick tool for layer 

identification for various applications. Optical harmonic generation provides an efficient 

way of characterization to address these concerns. SHG and even order harmonics 

generation processes are sensitive to crystal inversion symmetry.[10,11] For instance, even 

layers of 2H TMDs do not show SHG response due to centrosymmetric nature in contrary 

to odd layers of TMDs which show significant SHG response as shown in Figure 2.1a.[1] 

In a study, SHG investigation on layer dependent WS2 and WSe2 showed a gradual 

reduction in SHG intensity with an increase in layer number, whereas, the even layer 

number do not show any SHG response due to inversion symmetric structure.[12] SHG, 

therefore, can be used to distinguish between even and odd layers of 2H TMDs by 

exploiting this principle.[2] Moreover, SHG response is found to decrease with an increase 

in odd layer number for 2H MoS2 making SHG to predict the odd layer number dependent 

on intensity variation in 2H phase of MoS2.  

Even though, SHG can predict odd layer number in 2H phase of TMDs, however, SHG 

cannot identify the change of even layer number.[9] Recently, THG and odd multi-

harmonic generation have provided useful results for layer identification for 2H 

TMDCs.[1,13] For instance, Antti et. al.[1] demonstrated that Third harmonic generation 

(THG) intensity increases three folds as layer number increases (Figure 2.1a) making 

THG as a useful tool for layer identification. 3R phase of TMDs reveal a broken inversion 

symmetric structure[14] due to parallel placed layers i.e opposite to the case of 2H TMDs 

(TMDs layers show anti-parallel stacking between the adjacent layers). Therefore, SHG 
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response is found to follow quadratic layer dependent rise in SHG. i.e SHGnL = n2 

(SHG1L) (Figure 2.1b).[15] 

 

Figure 2.1 | Characterization of layer dependence and crystal orientation of 2D materials using 
optical harmonic generation 
(a) Layer dependent SHG and THG in 2H MoS2. Reproduced with permission.[1] Copyright 2017, Nature 
Publishing Group. (b) Layer dependent SHG in 2H and 3R phases of MoS2. Reproduced with 
permission.[15] Copyright 2016, Nature Publishing Group. (c) Polarization dependent SHG susceptibilities 
in GeSe, (d) MoS2, and (e) BN. Red (blue) line indicates the polarization component of the SHG response 
parallel (perpendicular) to the polarization E( ) of the incident electric field.  is the rotation angle between 
E( ) and the crystal lattice (i.e., the x-axis here for all three 2D materials). Reproduced with permission.[6]  
Copyright 2017, ACS Publishing Group. 

Apart from TMDs, layer dependent SHG has also been investigated for layered III-VI 

such as GaSe.[16] -GaSe is a non-centrosymmetric structure (space group D13h) which is 

reported to show layer dependent SHG enhancement. Interestingly, the SHG response of 
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nL GaSe above 5L shows a quadratic dependence, whereas thinner flakes show a cubic 

dependence. This variation between the two SHG behaviours is ascribed to the weak 

stability of non-centrosymmetric -GaSe in thin flakes.[16]  

2.1.2 Crystal orientation 

Crystal orientation determination is important to optimize the device performance and 

fundamental research because a variation in lattice orientation can lead to modulation in 

optoelectronics properties.[3] Conventional optical techniques such as PL or Raman 

spectroscopy either make this task impossible or difficult to implement. However, 

polarization-dependent SHG, sensitive to lattice symmetry, is an accurate optical tool to 

determine the lattice orientation in non-inversion symmetric materials such as 1L 

TMDs.[14] Polarization dependent SHG is done by using a polarizer between the sample 

and the detector, parallel or perpendicular to the linearly polarized beam from the pump. 

The sample is rotated to build a relation between sample rotation and SHG intensity and 

this orientation dependent SHG is analysed to determine the lattice orientation.[2] For 

example, Yilei et. al.[2] experimentally determined the MoS2 lattice orientation direction 

using polarization dependent SHG. 1L MoS2 belongs to D3h symmetry group, which gives 

one independent nonvanishing element of the nonlinear response: 2xxx = - 2xxx= - 2xyy = -

2yyx = - 2yxy. Additionally, 6-fold rotational SHG symmetry is reflected from the 

hexagonal lattice symmetry (D3h) of 1L MoS2 and hBN.[2] For 1L MoS2, maximum 

(minimum) SHG intensity is found along arm chair (zigzag) direction for parallel 

(perpendicular) polarization which implies the dependence of two polarization SHG 

components (parallel and perpendicular) on the sample (MoS2) orientation as under;[2] 

I (parallel) = I0cos2 (3 )   (1) 

I (perpendicular) = I0sin2 (3 )  (2) 
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Where I0 is the maximum SHG intensity and  is the angle between the polarization of 

the laser beam and mirror plane in the lattice structure as indicated in Figure 2.1c-e. 

Similar way  of polarization dependent SHG is adopted to determine the lattice orientation 

of odd layers of other 2H TMDs as well.[3,17] 

Other D3h symmetry class members such as 3R TMDCs[14], hBN[2], graphene[18], GaSe[19] 

are found to show a similar six-fold SHG polar plot. InSe is found to show a six-fold SHG 

polar plot due to its hexagonal structure with symmetry class C3v.[20] Polarization 

dependent SHG Group IV monochalcogenides (GeSe, GeS, SnSe, SnS) with C2v 

symmetry class are predicted to show a four-fold SHG plot for perpendicular polar plot 

(Figure 2.1e).[6] The current results indicate SHG as a powerful probe which can be 

extended to probe the lattice orientation for other 2D materials. 

2.1.3 Defects characterization 

Defect engineering in 2D materials is a topic of intense research[21] because this technique 

is frequently used to tune the properties of materials in device making industry. Therefore, 

defects characterization is important not only to control quality assurance in device 

fabrication but also it offers a key to understand the material’s structure.[22] Optical 

harmonic generation is highly sensitive to the structural configuration; therefore, OHG is 

expected to characterize the various types of defects in 2D materials. Researchers have 

used OHG successfully to probe vacancy defects[22], doping concentration[22], material 

impurity and doping[23], stacking faults[24,25], grain boundary[26], poly-crystallinity[27], etc. 

For instance, SHG was successfully employed to check the crystallinity in CVD grown 

polycrystalline MoS2.[27] One of the parameter to determine the quality of 2D structure is 

crystallinity. Single crystal is the purest form of the crystal structure without grain 

boundary whereas polycrystalline structure develops grain boundaries oriented at 
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different orientations. Because polarization dependent SHG is sensitive to the lattice 

orientation[2], therefore, it can quickly determine the grain boundaries and 

polycrystallinity in 2D materials. In this context, SHG was successfully employed to 

identify the grain and grain boundaries in polycrystalline MoS2.[27]  

 

Figure 2.2 | Identification of defects and phase variation using optical harmonic generation. 
 (a) Optical image with marked grains (A1, A2, B1 and B2) and grain boundaries (GB1, GB2, GB3 and 
GB4), experimental total SHG image, experimental total THG image. Reproduced with permission.[26] 
Copyright 2017, Nature Publishing Group. (b) Optical image of 1L WS2 flake with defects. (c) SHG 
mapping image showing the defect density (scale bar = 10 μm). Reproduced with permission.[22] Copyright 
2018, Wiley Library. (d) Optical microscope image of a mechanically exfoliated 2H MoTe2 (Inset shows 
the lattice structure of 2H  MoTe2) and (e) Polarization dependent SHG plot from the few layer 2H  MoTe2 

before laser irradiation (f) Optical microscope image of 1T’ MoTe2 after laser irradiation. 2H MoTe2 phase 
converts to 1T’ MoTe2 as a result of laser irradiation. (Inset shows the lattice structure of 1T’  MoTe2) and 
(g) Polarization dependent SHG plot from the few layer 1T’ MoTe2 after laser irradiation. Reproduced with 
permission.[28] Copyright 2018, Wiley Library. 



   Chapter 2: Optical Harmonic Generation in 2D Materials 

Ahmed Raza Khan - 2020                     37 

 

In another study[26], chemical treatment of polycrystalline MoS2 resulted into the 

significant enhancement of SHG and THG on grain boundaries (due to more absorption) 

making them a sensitive probe for distinguishing grain boundaries as shown in Figure 

2.2a. THG is found much more sensitive than PL and Raman, moreover, it is found four 

orders of magnitude faster tool than PL, Raman for sample imaging. These characteristics 

make optical harmonic generation a powerful tool for high-volume and large-size sample 

characterization.[26]In another study, SHG is effectively used to monitor sulphur vacancy 

defects in monolayer WS2.[22] SHG signal is found to vary according to the density of 

defects in the material which can be used to distinguish between lower and higher 

defective regions (Figure 2.2b-c). DFT calculations showed that Sulphur vacancy defects 

create mid gap states in the band structure of 1L WS2 leading to SHG enhancement up to 

2 orders of magnitude in defective regions. Because SHG is sensitive to exciton 

resonances and bandgap modulation, SHG is expected as an effective probe to find the 

doping concentration as well. In this context, Boron doping on Si/SiO2 substrate surface 

is characterized through a decrease in SHG intensity which can be further employed to 

find the doping concentration[29] and depth[30]. SHG is further used to find the impurity 

defects and metallic contamination in the materials.[31–33] Apart from that roughness, 

dislocations are also identified using SHG succefully.[34] Polarization dependent SHG 

provide a quick and easy way to monitor the artificial stacking, therefore, it is effectively 

used to find the different types of stacking faults, For instance, Hristuet. al.[24] identified 

the hexagonal and cubic stacking faults in silicon carbide using polarization dependent 

SHG. Yuwei et. al. [18]  effectively used SHG to differentiate rhombohedral (ABC) 

stacking faults in trilayer Graphene. Polarization dependent SHG is effectively employed 

to find the bilayer, trilayer, quadlaer and pentlayer stacking in 2D TMDs.[35] Moreover, 
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Polar SHG technique is shown to successfully suggest the structural variation of layers 

stacking.[17,35] Optical second harmonic generation imaging represents a viable solution 

for characterizing structural defects such as stacking faults, dislocations and double 

positioning boundaries. In this regard, X-ray diffraction and optical second harmonic 

rotational anisotropy were successfully used to confirm the growth of the cubic polytypic 

structure and the detailed structure of the defects for cubic silicon carbide layers.[34] These 

results show OHG a fast and non-invasive investigation method to identify the defects 

and certify the structures for suitable quality.  

2.1.4 Phase variation 

Historically, SHG was used to find the phase transition in thick structures.[36] SHG was 

also used as a tool to identify the temperature dependent phase variation.[37]  Recently, 

SHG has been effectively employed to detect phase variation in 2D materials.[28] For 

instance, 2H and 1T’ are two different phases of MoTe2 showing giant differences in 

physical properties, symmetry properties and bandgap. Researchers have shown phase 

transition in MoTe2 using electrostatic doping. 1T’ phase is an inversion symmetric phase 

whereas odd layers of 2H phase show no inversion symmetry.[38–40] SHG signal is found 

to vanish as a result of doping-induced phase transition into centrosymmetric 1T’ phase. 

On the other hand, giant SHG intensity was observed with phase transition into 2H phase 

of 1L MoTe2. Moreover, the polarized SHG is an added tool to distinguish phase 

variations through polar plot variations as shown in Figure 2.2d-g. In contrary to the six-

fold pattern observed for 2H phase (D3h symmetry), two-fold pattern was found in 1T’ 

with Cs1 symmetry group.[28] 

Similarly, SHG was effectively employed to identify 2H and 3R phases in MoS2.86 

Monolayers of both 2H and 3R phases of MoS2 contain alternating M and S atoms in 
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hexagonal arrays. However, each layer in 2H phase is anti-parallel to the adjacent layer 

whereas adjacent layers are parallel to each other in 3R phase.[2,14] Therefore, even layers 

of 2H phase being symmetric do not show SHG signal whereas each layer of 3R phase 

show SHG either odd or even with SHGnL= n2 * SHG1L, where n =number of layers.[15] 

Apart from TMDs, Tuwei et. al.[18] used SHG effectively to differentiate ABA stacked 

trilayer Graphene from ABC stacked Graphene. In another study, SHG is used to find the 

temperature dependent phase variation in YBa2Cu3Oy.[41] SHG, as an effective tool, may 

be applied to identify phase transitions for other 2D materials. 

2.1.5 Piezoelectric and ferroelectric detection 

Lack of inversion symmetry in the materials causes uneven charge distribution leading to 

interesting properties such as piezoelectricity, paraelectricity and ferroelectricity. 2D 

piezoelectric and ferroelectric materials are the focus of much research efforts due to their 

potential applications in energy harvesting, electromechanical and electronic devices.[7,42–

44] SHG, a frequency-doubling process, can only occur in materials that lack inversion 

symmetry, making SHG a sensitive tool for the characterization of piezoelectric and 

ferroelectric materials.[44] Because even harmonics process show sensitivity to inversion 

symmetry, they are expected to detect piezoelectricity and ferroelectricity in 2D 

materials.[45] Specifically, SHG has been widely used for the investigation of 

piezoelectricity[7] and ferroelectricity[6,46] in 2D materials. Even though, there are other 

setups available for piezoelectricity and ferroelectricity detection, however, optical SHG 

is an easy, non-destructive and quick alternative for 2D materials. Various researchers 

have been reported on SHG investigation for piezoelectric and ferroelectric materials. For 

instance, piezoelectricity in layer dependent MoS2 is investigated through SHG by 

Wenzhou et. al.[7] and it is showed that odd layers of TMDs show piezoelectricity due to 
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loss of inversion symmetry whereas even layers, symmetric structures, do not show 

piezoelectricity. In another study, multiferroicity is evaluated in GeSe (group IV 

monochalcogenide), 1L MoS2 and hBN using SHG susceptibility. The strength of SHG 

susceptibility in GeSe monolayer is calculated to be 1 order of magnitude higher than that 

in monolayer MoS2, and 2 orders of magnitude higher than that in monolayer hexagonal 

BN.[6] Apart from in-plane piezoelectricity, angle-dependent polarized SHG technique 

can be used to characterize stable out-of-plane 2D ferroelectrics such as In2Se3.[47,48] 

Sample was first rotated to the SHG extinction point, where the In-Se bond direction is 

normal to both the incident and detecting direction (i.e parallel polarization). Excitation 

beam is tilted to investigate the out-of-plane response. Beam tilted angle dependent SHG 

intensity ratio between Ip (p-polarized, out of plane) and Is (s-polarized, in-plane) is found 

to increase symmetrically with tilted incidence angle and agreed well with the model of 

response from out-of-plane dipole to vertical electrical oscillation field (Figure 2.3a). As 

the tilt angle increases, SHG intensity varies. With this method, out-of-plane polarization 

in ferroelectric materials was initially checked in In2Se3.[47] SHG scanning can be used to 

reveal the ferroelectric domain structure of the sample, provided that the domain sizes are 

larger than the effective resolution of the image scan. In this regard, visualization of 

domain structure in 2D In2Se3 was done by SHG and piezo response mapping (Figure 

2.3b-c).[47,49] SHG mapping of In2Se3 flake shows intensity contrast in different regions 

corresponding to domains with different dipole strength that matched well with the piezo 

response mapping. [47] Moreover, SHG mapping is used to examine the electrical poling 

behaviour in ferroelectric In2Se3. (Figure 2.3d-e).[47] The SHG intensity and the 

corresponding ferroelectric ordering remains robust as a four layer In2Se3 sample on 

SiO2=Si substrate was heated from room temperature to 600 K. It then dropped sharply 

to about one-sixth of the initial value when the temperature further increased to 700 K, 
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indicating the disappearance of spontaneous polarization and the structural transition to a 

centrosymmetric phase (Figure 2.3f). The theoretical limit of the lateral image resolution 

using this technique corresponds to roughly half the wavelength of the incident light.[50] 

Moreover, SHG is also used to determine the Curie temperature of 2D ferroelectric 

CuInP2S6 flakes.[46] Apart from that, SHG was also used to investigate the temperature 

dependent ferroelectric to centrosymmetric phase transition for In2Se3.[47]  

 

Figure 2.3 | Investigation of piezoelectricity and ferroelectricity in 2D Layered materials using SHG  
(a) Out-of-plane dipole probed by angle resolved polarization selective SHG where beam tilted angle 
dependent SHG intensity ratio between Ip (p-polarized) and Is (s-polarized) increases symmetrically with 
tilted incidence (black triangular) and agrees well with the model of response from out-of-plane dipole to 
vertical electrical oscillation field, indicating the ratio (13.6 1) between in-plane and out of plane second-
order susceptibility at 1080 nm pump (red curve). (b) Visualization of domain structure in 2D In2Se3 by 
SHG and (c) piezo response mapping, SHG mapping of In2Se3 flake shows intensity contrast in different 
regions corresponding to domains with different dipole strength that match well with the piezo response 
mapping in (h). The inset is the optical image of the same sample. (d) SHG mapping before and (e) after 
the electrical reversed poling. The mapping show dark lines at the boundary of the patterned area resulting 
from destructive interference, which indicates the reversal of in-plane crystal orientation and corresponding 
nonlinear optical polarization after reversed electrical poling. (f) Observation of temperature-dependent 
ferroelectric to centrosymmetric phase transition. The SHG intensity and the corresponding ferroelectric 
ordering remains robust as a four-layer In2Se3 sample on SiO2=Si substrate was heated from room 
temperature to 600 K. It then dropped sharply to about one-sixth of the initial value when the temperature 
further increased to 700 K, indicating the disappearance of spontaneous polarization and the structural 
transition to a centrosymmetric phase. Reproduced with permission.[47] Copyright 2018, APS Physics. 
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2.2 Tuning of optical harmonic generation in 2D layered 
materials 

Tailoring of optical harmonic generation is important for optimized device performance. 

However, the nonlinear susceptibilities that give rise to such phenomena are often 

challenging to tune in each material and, so far, dynamical control of optical nonlinearities 

remain confined to research laboratories as a spectroscopic tool. Researchers have 

reported various ways to tune nonlinear interaction in 2D materials which are stated in 

the following text.    

Table 2.1 Typical techniques for SHG tuning 

SHG tuning
techniques Material

Optical
Harmonic
generation

Thickness Fabrication Substrate OHG Tuning values Laser
excitation

 

[1] Multilayer 
[2] EF is fermi energy 
[3] Molecular Beam Epitaxy 
[4] Quantum dots 

2.2.1 Exciton effect  

1L-TMDs have strongly bound excitons that modify their linear optical properties.[61–64] 

The exciton resonances are also expected to affect their nonlinear optical responses which 

is demonstrated by various researches.[65,66]  For example, in 1L MoS2, significant 
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enhancement in SHG and THG is found when in resonance with A-exciton[67] and the 

similar trend is noted for SHG investigation with WS2.[68] This giant enhancement makes 

2D materials the potential applicant for future nonlinear devices. Pairing of electrons and 

holes is enhanced due to the strong Coulomb interaction, reduced dielectric screening and 

strong quantum confinement in 2D limit materials leading to strongly bound excitons. 

Excitons in 2D TMDs are found to exist at room temperature due to strong binding energy 

up to hundreds of meV.[69] The strong exciton effects in 2D materials due to large density 

of states increase the efficiency of generating optical harmonic generation. For instance, 

an enhancement by up to 3 orders of magnitude of the SHG efficiency was recorded in 

monolayer WSe2 when the incoming electromagnetic wave is in resonance with the 

energy of 1s A-exciton.[70] 

Similarly, 1L and 3L MoS2 show considerable SHG enhancement in resonances with A, 

B and C excitons as shown in Figure 2.4a.[51] SHG peaks for the A and B features 

originate from the direct optical transitions at the K-K’ and SHG peaks for the C feature 

originate from -point of the Brillouin zone. A significant enhancement of (2) sheet MoS2 

is observed with spectral positions very well matched with the C peak in the linear 

absorption spectra ( 2.8 eV for monolayers and 2.7 eV for tri-layers). It suggests that 

the resonance enhancement of SHG is originated from the increased density of electronic 

states at -point allowing increased optical transitions.[51]  The different resonant position 

between the monolayers and the tri-layers is thus a consequence of the different energy 

gaps at the  point of the Brillouin zone, a modification of the electronic structure from 

quantum confinement in reduced sample thickness. While the SHG from trilayer (2) sheet 

MoS2 is consistently smaller than that of the monolayer for photon energies above the C 

resonance, it becomes slightly larger than that of the monolayer at lower photon 

energies.[51] Because large density of states at the exciton resonances increases electron-
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hole interaction to multiply second harmonic generation, investigation for many body 

effects on nonlinear optical behaviour needs further investigation. 

Valley polarization is an important way to tune one photon PL emission in TMDs which 

is controlled by valley selection rules for one photon case for K( K) valley of Brillouin 

zone. Similarly, valley polarization obeys selection rules for two photon case of SHG 

emission. Xiao et. al.[68] demonstrated nonlinear optical selection rules for SHG based on 

valley exciton locking while studying optical transitions for monolayer WS2. It is 

demonstrated that optical transitions under + pumping at 1s state generate SHG photons 

of reverse  - spin state and vice verca. In a study on 1L MoS2, Seyler et. al.[71] showed  

+(  ) excitation photons are absorbed to emit  ( +) SHG photons as shown in Figure 

2.4b-c. Xiao et. al. further demonstrated that SHG and TPA (two photon absorption) 

selection rules are different, such as, SHG is in resonance with the s states whereas TPA 

to s states is parity forbidden in 1L WS2, in its place, TPA shows transitions to 2p states 

in 1L WS2.[68] In another study, spin-valley dependent excitonic tuning is used to tune 

SHG (0 to ~107 pmV-1).[60]  The second harmonic generation valley selection rules has 

potential implications for optical switches.    

2.2.2 Doping effect and gate tuning  

Gate voltage is found to tune linear optical properties due to modulation in fermi level.[72–

75] For instance, PL intensity of 2D TMDCs is tuned using gate voltage.[21] This electro-

optic modulation has potential applications in photonic devices such as optical switching 

and communications.[55] Similarly, gate tuning is expected to alter nonlinear optical 

properties of 2D materials for potential applications in nonlinear devices. 
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Figure 2.4 | SHG modulation via exciton resonances and gate tuning  
(a) Second-order susceptibility, left scale, of a sheet of MoS2 for monolayer (blue circles) and trilayer (green 
circles) samples as a function of pump-laser energy, with measured linear absorption (right scale) spectra 
of monolayer (blue line) and trilayer (green line) with the labelled optical transitions. Inset: Diagram of the 
second-harmonic enhancement in monolayer MoS2 where the two-photon energy is in resonance with the 
C absorption peak. Reproduced with permission.[51] Copyright 2013, APS Physics. (b) Circular 
polarization-resolved SHG response showing the generation of counter-circular SHG. (c) Interband valley 
optical selection rules for SHG. (d) Normalized peak intensity of SHG as a function of gate voltage with 
two-photon excitation energy above, below and resonant with the A exciton. (e) Illustration of gate-
dependent exciton- and trion-enhanced SHG. Reproduced with permission.[71] Copyright 2015, Nature 
Publishing Group Valley-selective tuning 

In this context, Seyleret. al.[55] observed second-harmonic generation tuneability by over 

an order of magnitude at low temperature and nearly a factor of four at room temperature 

through electrostatic doping in 1L WSe2 based field-effect transistor. Firstly, a significant 

tuning in SHG spectra is found when SHG is in resonance with the A exciton (~1.76eV) 

as shown in Figure 2.4d.[55] Secondly, gate voltage modulation shows significant SHG 

tuning at A exciton. SHG response increases (a factor of four) over 100V of shift in gate 

voltage. This gate dependent SHG tuning is attributed to be arisen from strong exciton 

charging effects in monolayer semiconductors as shown in Figure 2.4e.[55] 
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Gate voltage is also used to break the inversion symmetry in 2L WSe2 leading to an 

enhancement in SHG (532nm wavelength). SHG from 2L WSe2 is reported to be off-

resonant (hence free from PL background). This unusual process takes place only when 

the gate polarity causes charge accumulation rather than depletion. This enhanced SHG 

due to asymmetry behaviour is attributed to the presence of mobile charges on the d-shells 

of W, a unique characteristic of only TMD materials.[76] In another study on bilayer 

MoS2[52], gate voltage is used to break the inversion symmetry of bilayer MoS2 leading to 

60 times enhancement in SHG by applying a strong electric field  (= +2.6 MVcm-1) for 

SHG emission at E2  = 2.49 eV. This strong tuning arises from the tuneable interlayer 

coupling due to the strong electric field applied perpendicular to the basal plane of the 

crystal which is free from the effect of exciton effect.[52] Apart from 2D TMDCs, 

symmetry breaking is also observed in centrosymmetric 1L Graphene via doping. SHG 

is widely tuned by carrier doping or chemical potential, being sharply enhanced at Fermi-

edge resonances with its highest strength comparable to the electric dipole-allowed SHG 

in non-centrosymmetric 2D materials but vanishing at the charge neutral point that 

manifests the electron-hole symmetry of massless Dirac fermions.[59] Electro-optic 

modulation in Graphene is also manifested for third-harmonic generation. THG 

efficiency in graphene is increased by almost one order of magnitude by controlling the 

Fermi energy over a broad range of wavelength. Gate tuned third-harmonic enhancement 

is achieved over an ultra-broad bandwidth, suitable for optical communications and signal 

processing.[71] Although gate tuning of SHG is well known, however, role of charging 

effects of excitons still need investigations which can potentially be utilized in various 

applications such as gate tuneable switches and frequency converters.[56,59] 
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2.2.3 Stacking symmetry 

Loss of crystal inversion symmetry results in exciting properties such as piezoelectricity, 

ferroelectricity, dichroism, improved career mobility, optoelectronic properties and giant 

SHG response.[7,77,78] A variation in crystal inversion symmetry is achieved using stacking 

angle modulation in 2D layered materials. Stacking angle modulation in folds, homo-

structures and hetero-structures can lead to extraordinary SHG tuning.[3,53]  

In a study on stacked MoS2 layers[35], the 2L, 3L, 4L and 5L with AA, AAA, AAAA and 

AAAAA stacking order respectively is found to obey;  ISHn = Ion2; where n = number of 

layers, Io = SHG intensity of a single layer and ; ISHn = cumulative SHG from n layers 

with 0 degree stacking angle. Moreover, 3R structures with 0o degree stacking angle 

variation between adjacent layers is also found to obey[15]; ISHn = Ion2. Hsu et. al.[3] 

investigated twisted bilayers for homo and hetero-structures for variable angles (2o, 16o, 

30o, 37o and 54o) and found superposition principle to be valid for SH wave vectors.  

2.3 Chapter summary  

Low dimensional materials, as an excellent platform to observe and tune optical harmonic 

generation, have many potential applications in nonlinear optical devices, sensing and 

imaging, characterization, etc. Nano manufacturing using structural engineering 

techniques such as folding, straining, thermal modulation, etc are shown to significantly 

tune the optical properties of the materials. Using these nano manufacturing techniques, 

nonlinear optical behaviour in 2D materials will be explored in next chapters with 

potential applications in optoelectronic and nonlinear photonic devices. 
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3 FOLDING AND STRAIN 
ENGINEERING IN 2D 
MATERIALS 

3.1 Introduction 

Tuning the optoelectronic properties of semiconductors is important for device 

fabrication and fundamental science.1 Researchers have used various ways to tune the 

optoelectronic properties such as strain engineering,2,3 doping,4,5 defect engineering,6 etc. 

Particularly, local strain engineering provides an effective and straightforward way to 

tune the optoelectronic properties of semiconductors such as bandgap, carrier mobility, 

binding energy of excitons,2,3,7 which has therefore been broadly used to improve the 

device performance such as enhancement of solar cell efficiencies and generation of 

single photon emitters.8–12  

Two-dimensional (2D) atomic crystals such as 2D transition metal dichalcogenides 

(TMDC) monolayers are an ideal platform to study strain engineering because they can 

withstand strain greater than 10%.13 In addition, they can be folded or wrapped due to 

their high flexibility, making them promising candidates for stretchable and flexible 

electronics.13–15 Using strain engineering of 2D TMDCs, researchers have successfully 

tuned optoelectronic properties.16,17 For example, Desai et. al. showed considerable 

photoluminescence (PL) enhancement on atomically thin tungsten diselenide (WSe2) 

upon strain application.18 Strain effect is used to increase the career mobility of ultrathin 



   Chapter 3: Folding and Strain Engineering in 2D Materials 

Ahmed Raza Khan - 2020                     53 

MoS2, thus leading to an improvement in the performance of MoS2 based field effect 

transistor (FET).19  

Local strain engineered in 2D TMDs is typically achieved through stretching of a flexible 

substrate.20 This method involves the exfoliation of 2D material on a pre-stretched 

flexible substrate followed by the formation of strained wrinkles after the release of the 

stretched substrate.3 The wrinkles in ultra-thin TMDs easily fall down to form folds due 

to their low bending rigidity.20 Therefore, wrinkles formation in thick TMDs (layer > 3) 

is only reported.3,20 The excitons in thick wrinkles are reported to funnel towards the 

middle of the wrinkle’s region; therefore, the wrinkles can change the local confinement 

potential of excitons.3 Wrinkles are also reported to show exciting bandgap modification 

in atomically thin MoS23. PL measurements on 3-5L wrinkles indicate that band gap 

energy decreases significantly as uniaxial strain increases. The experimental 

measurements showed ~45.2meV per % strain reduction in indirect bandgap whereas 

~32meV per % strain reduction is found in direct bandgap (k-k’ valley transition). This 

significant bandgap shift was also proved for wrinkles using tight-binding model.3 The 

change of optical and electrical properties in strain induced wrinkles has also been 

observed with other 2D materials as well.21–23 Several studies have reported the strain 

dependent bandgap reduction ~27-46 meV/(strain%)7,24,25 in monolayer WS2.” 

Here, we have developed a new method, mechanical buckling of flexible substrate, to 

create both wrinkles and folds simultaneously in 1-3L WS2 by successfully controlling 

the strain. The Kelvin probe force microscope (KPFM) and conductive atomic force 

microscope (CAFM) are used for surface potential mapping and current mapping, 

respectively. A layer dependent reduction in surface potential is found due to the 

dominant interlayer screening effect irrespective of the layers’ orientation. The current 
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mappings demonstrate strain tuning of semi conductive junction properties of strain 

induced wrinkles. This behavior is explained using Thermionic model which suggests 

1.6% strain on wrinkle nanostructures reduce 20% of Schottky barrier height (SBH). 

Photo- Conductive Atomic Force Microscope (PCAFM investigation reveals that the 

SBH can be further lowered due to photo-enhanced current. Our results demonstrate an 

important advance towards controlling the properties of atomically thin WS2 via strain 

induced wrinkling and folding. Moreover, these techniques could be applied to other 2D 

materials26–35 and heterostructures36–39 for applications in quantum optics, nanophotonics 

and optoelectronics.  

3.2 Fabrication of folds and strain induced wrinkles 

We employed mechanical buckling of the flexible substrate to achieve both wrinkles and 

folds simultaneously in 1-3L WS2. The details of the fabrication method are shown in 

Figure 3.1a. (i) The WS2 flakes are exfoliated on a pre-buckled Gel polymer film. (ii) 

After exfoliation, the buckled Gel film is released causing compressive forces on the 

exfoliated WS2 flakes. The compressive forces generate big and tiny wrinkles. (iii) The 

big wrinkles are formed in the direction perpendicular to the compressive forces (x-

direction) and they fall down to form folds, (iv) whereas the tiny wrinkles are generated 

in the direction parallel to the compressive forces (y-direction). The tiny wrinkles 

maintain their wrinkles like curvature which is explained later. In the text, the terms of 

big wrinkles and folds are used interchangeable. Without the specific notation, winkles 

present tiny wrinkles. A 3D schematic of the folds and wrinkles’ formation after 

mechanical buckling is shown in Figure 3.1b. The buckled WS2 sample is transferred 

onto a Si/SiO2/gold electrode substrate.40,41 Phase shifting interferometry (PSI)27,29,42–44 is 

employed to identify the layer number of the WS2 flakes (Figure A5.1).  
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It is unambiguous that big wrinkles are formed perpendicular to the compressive forces 

(antiparallel red arrows) as depicted in optical image of buckled WS2 (Figure 3.1c). 

Intriguingly, along with big wrinkles, some tiny wrinkles are also detected, and their 

alignment is almost perpendicular to the big wrinkles as revealed by AFM topography 

(Figure 3.1d). The width of the tiny wrinkles (100-190 nm) is much smaller than that of 

the big wrinkles, which is the possible reason why there is no trace of tiny wrinkles under 

the optical microscope. The inserted plot (red rectangle) of Figure 3.1d gives detailed 

height profiles of both big and tiny wrinkles which indicate that the height of big wrinkles 

is much smaller than the tiny wrinkles. Moreover, height profile of tiny wrinkles presents 

a sharp peak-shaped cross-section in contrary to big wrinkles which present an almost 

rectangular shaped cross-section. According to this profile, we assume that big wrinkles 

form folds whereas tiny wrinkles are the wrinkles maintaining their curvature.  

 

Figure 3.1 | Creation of wrinkles and folds in 1-3L WS2.  
(a) Schematic diagram of the fabrication process for wrinkles and folds formation in atomically thin WS2. 
(i) An elastomeric substrate (Gel film) is buckled prior depositing WS2 flakes using a tape. (ii) The buckled 
substrate is released causing compressive forces which create big and tiny wrinkles perpendicular and 
parallel respectively, to the direction of forces (X-direction). (iii) Big wrinkles fall down to form folds (X-
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direction view) (iv) whereas tiny wrinkles retain their shape (Y-direction view). (b) A 3D image of strained 
sample showing wrinkles and folds, different colours for the wrinkles and the folds are used for clear 
visibility. (c) Optical microscopic image of 1-3L strained WS2 sample fabricated by the method described 
above; folds are created perpendicular to the direction of the compressive forces, two anti-parallel arrows 
(red colour) indicate the direction of the compressive force.(d) AFM topography image of the region 
marked by the white dashed rectangle in (c) whereas inset image is the zoom-in view of the small red 
rectangle. Inset image shows AFM measurement of the wrinkle (20 nm height and 120nm width) and fold 
(2.8 nm height and 450nm width) in green and blue colours respectively. (e) The layer dependence of 
wrinkles and height differences for folds measured on 1L, 2L and 3L. The histogram shows the AFM height 
measurements, with variation in measurements indicated by the error bars. The orange and green rectangles 
indicate the height measurements for folds and wrinkles respectively. 

Figure 3.1e plots the height difference between the big/tiny wrinkle and corresponded 

flat regions. For the big wrinkles, the height differences measured on 1L, 2L and 3L 

samples are 1.4 ± 0.5, 2.8 ± 0.5 and 4.2 ± 1 nm, respectively. These values match the 

height of 2L, 4L and 6L samples very well as the thickness of single layer is evaluated 

around 0.7 nm, which agrees well with the reported value.45 Therefore, the big wrinkles 

can be regarded as the bi-folded samples. E.g., the big wrinkle on the 1L sample can be 

considered as bi-folded single layer (1L+1L+1L) samples and its height is in good 

consistency with the pristine 3L sample. In a previous work on MoS23, the appearance of 

the fold regions is possibly ascribed to the collapsing of the large wrinkles caused by the 

buckling-induced delamination. Such wrinkle to fold transition is also observed on 

monolayers of graphene and TMDC by researchers in the past.20,46–48 It is worthy to note 

that the tiny wrinkles appear in the centre of the nano-flakes and therefore, their height 

values present large deviations. However, their deformation is relatively small, and they 

maintain their wrinkles’ like curvature. The maximum uniaxial strain  is accumulated on 

top of the winkles and can be estimated as; 3  

 ~     (1) 

where  is the Poisson’s ratio (  =2.2 for WS249), h is the thickness of the flake, and  and 

 are the height and width of the wrinkle which were measured using atomic force 
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microscopy (AFM). The relationship shows that the height of the wrinkles increases with 

the strain applied. For the wrinkles’ profile on 2L WS2 given in Figure 3.1d (green color), 

strain  can be estimated as 2% where h=1.4nm, =20nm, =120nm.  

Wrinkling requires a minimum value of strain to initiate the wrinkles formation. As the 

strain increases, the height of the wrinkles increases. After a critical strain level ( f), 

wrinkles cannot maintain their curvature and collapse forming folds (Figure A5.2c). Critical 

strain level is dependent on layer thickness and elastic modulus of ultra-thin WS2 film 

(See section S3 for more details). As layer number increases, f increases and fold formation 

in higher layer number decreases. Therefore, wrinkle to fold transition is dominant in small 

layer number (1L > 2L > 3L) due to their low critical strain ( f). Moreover, it can also be 

found that wrinkles’ average height increases as layer number increases (3L > 2L > 1L) 

which can be attributed to increasing critical strain level ( f) in higher layer number 

showing more capability to maintain wrinkles’ curvature (Figure 3.1e). Additionally, the 

width of the folds also showed an increase as layer number increases which ranges 180-

400 nm, 250-450 nm and 350-500 nm for 1L, 2L and 3L respectively.  

3.3 Surface potential measurements 

With intentional manufacturing, we have obtained different local features (flat, fold and 

wrinkles) in 1-3L WS2. As varying the local stacking and strain states of the WS2 samples, 

the electronic structures are expected to be tuned. KPFM is a useful tool to map the 

surface potential at the nano-meter scale. In KPFM, an AC bias is applied to a conductive 

tip to produce an electrical force which is minimized when contact potential difference or 

surface potential between tip and sample is compensated by an applied DC bias. In 

principle, the contact potential difference (VCPD) is originated from the different work 

functions between the tip and sample, which can be expressed as follows;50,51  
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                 (2) 

Where tip and sample are work functions of the tip and the sample and e is the electronic 

charge. However, many factors such as trapped charges, tip damage and permanent 

dipoles between the sample and tip will impact the results. Therefore, KPFM usually 

gives an accurate measurement of the potential difference rather than the absolute value. 

The surface potential mapping is carried out for the flat, folded, wrinkled regions of 1-3L 

WS2. The typical morphology and surface potential images are presented in Figure 3.2a-

d. The potential measured on different layers presents evident contrast. Combining the 

morphology mapping, in the 1L, 2L and 3L samples, the surface potential in fold regions 

is unambiguously lower than the flat regions for the similar layer number. However, no 

clear features are obtained for wrinkles in surface potential mapping which can be 

ascribed to the small size (width~100-190nm) of wrinkles making it to be difficult to be 

resolved. In order to conduct quantitative analysis on folded regions, the surface potential 

values are calculated by fitting the histograms collected from different domains (Figure 

A5.3). The offsets (Figure 3.2b and 3.2d) exhibit a small divergence, therefore, the 

surface potential of flat 3L sample is considered as the reference to make the measured 

values comparable. As shown in Figures 3.2e and 3.2f, the surface potential of flat and 

folded regions decreases linearly with an increase in layer number. The differences 

between each layer are ~23 mV and 9.5 mV for flat and folded regions, respectively. 

Taking the KPFM set-up into the consideration, work function increases as layer number 

increases which is consistent with the previous studies on layer dependent work function 

of flat MoS2.52,53 The layer-dependent work function can be explained by the dominant 

interlayer screening effect reported for both graphene and MoS2.54–56 Geometrically, the 

layer number of folded regions is comparable with the pristine 3L, 6L and 9L samples 
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while the twisted stacking will result in the change of the interlayer coupling in 

comparison with the perfect packing samples. Intriguingly, no distinct difference is 

obtained between the surface potential of bi-folded 1L and flat 3L samples, indicating the 

interlayer screening effect is dominant in WS2 folds irrespective of the layer orientation. 

 

Figure 3.2 | Layer-dependent surface potential of folds in 1-3L WS2. 
(a) AFM topography image, showing the flat, folded and wrinkled regions on 1L and 3L.(b) Surface 
potential mapping of (a). (c) AFM topography image, showing the flat, folded and wrinkled regions on 2L 
and 3L. (d) Surface potential image of the region shown in (c) (e) Surface potential histogram of 1-3L flat 
WS2 (upper panel) and 1-3L fold WS2 (lower panel). (f) Surface potential of 1-3Lflat WS2 (red) and 1-3L 
fold WS2 (blue), with variation in the readings is indicated by the error bars. 
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3.4 Dark carrier transport 

The charge transport behaviour is important characteristic for the semi conductive device 

performance. This section will focus on charge transportation for flat, folded and winkled 

regions. A schematic of the set-up for the conductive and photoconductive atomic force 

microscopy (CAFM and PCAFM) is shown in Figure 3.3a. The CAFM tip acts as the 

top electrode and gold is the bottom electrode. In dark condition (no light), the current 

mappings of AFM topographic image (red rectangle) are done under 4V and 10V bias 

(Figure 3.3b-c). No evident current is detected overall under 4V except some traces at 

the wrinkled regions. With increasing the bias to 10V, the wrinkles exhibit significant 

enhancement of electrical current flow and current reaches around 400 pA. The local I-V 

curves on different regions are measured to further investigate the electronic properties 

as shown in Figure 3.3d. At the low bias, the current measured at flat, folded and 

wrinkled regions exhibit nearly insulating behaviour while the diode-like characteristics 

are obtained by gradually increasing the bias. Schottky barrier height (SBH), b,

measured at wrinkled regions is lower than those measured at flat and folded regions 

which will be explained later. The distance to the bottom gold electrode is similar (~20 

m) for three regions. Therefore, we can assume the obtained I-V behaviours are mainly 

determined by the metal tip-semiconductor contact resistance. Due to the difference 

between the tip work function and electron affinity of WS2, Schottky barrier is formed at 

the interface. Figure 3.3e illustrates the equilibrium case of Schottky barrier between 

CAFM tip and WS2 (flat and wrinkle). It is evident SBH represented by b ( b = tip – 

, where  is the WS2 electron affinity), is the determinant factor for the current flow.57,58  
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Figure 3.3 | Current mapping of wrinkles in atomically thin WS2 by conductive AFM imaging.  
 
(a) A schematic of conductive AFM configuration for carrier transport measurements. Strained sample is 
transferred onto a gold electrode and the voltage is applied on the sample under forward bias. (b) AFM 
topography image, showing the flat, folded and wrinkled regions. (c) Current mapping of the region marked 
by red rectangle in (b) under bias voltages of 4V and 10V, (d) A current-voltage (I-V) curve for flat, fold 
and wrinkle indicated by red dots in (b) under (-10 to +10V) bias voltage, Schottky barrier height ( b) for 
flat = 603 meV, fold = 566 meV and wrinkle = 486 meV is calculated using thermionic model. The 
corresponding strain for the wrinkle is calculated to be 1.6%. (e) Energy band diagram for CAFM tip-WS2 

(flat) and CAFM tip-WS2 (wrinkled) junction. tip is the CAFM tip work function, Evac is the reference 
vacuum level, q is the charge, b is the barrier height, f and w are electron affinity for flat and wrinkle WS2 

respectively, Eft, Eff and Efw are the Fermi level of the tip, flat and wrinkle WS2 respectively. Evf and Ecf are 
valence and conduction band levels of flat WS2 whereas Evw and Ecw are valence and conduction band levels 
of wrinkle WS2. 

 

Li et al.55 performed a C-AFM study on ultrathin MoS2 using a conductive tip and 

successfully explained the characteristics of the resulting junction in the forward bias 

regime using thermionic emission model. Therefore, the current under forward bias can 

be described by the thermionic emission model over the Schottky barrier as under 59; 
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(3) 

where Atip is the tip-sample contact area, A*=4 qk2meff/h
3 is the Richardson constant with 

effect mass for electrons ~ 0.3me for WS2 60, h is the Planck constant, T is the temperature 

which equals ~ 300 K, q is the elementary charge and B is the SBH, k is Boltzmann 

constant, R is the resistance in the circuit, and n is the ideality factor. Since the current 

value is quite small (< 500 pA), the voltage drops across the Schottky barrier (V-IR) is 

almost equal to the applied bias.  

The fitting parameters for the three curves are displayed in Figure 3.3d. The large ideality 

factor, n = 34, 35 and 41 for flat, fold and wrinkle suggests the thermionic emission model 

requires careful consideration while b fitted for the flat sample is around 603 meV, 

which is close to the recently reported b =590 meV between the Pt-coated tip and WS2 

nanoflake.61 The fitting results suggest different I-V characteristics collected from flat, 

folded and wrinkled regions are originated from the different SBH formation at the metal-

semiconductor interface. A large reduction of b (~486 meV) is obtained for the wrinkled 

WS2 junction as compared to the flat WS2 junction whereas the strain is calculated to be 

1.6% on the wrinkle using equation (1). Previously, researchers have reported strain 

induced bandgap reduction in ultrathin WS27,62 which can be attributed to lowering of 

SBH in wrinkled WS2. The bandgap generally decreases with increasing the thickness in 

2D TMDs semiconductors.63,64 Therefore, we find a reduction in SBH of tip-WS2 (fold) 

junction which is in good agreement with a previous study showing SBH reduction with 

increasing the thickness of MoS2 in MoS2-metal contact.65 However, it is still worthy to 

note that the folding of 2D materials could change the stacking orders among the layers, 

thereby tuning interlayer coupling and band structures48.  
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3.5 Photo carrier transport 

In the previous sections, we successfully demonstrated strain engineering and folding as 

powerful tools to tune the electronic properties. Strain engineering and folding are also 

expected to tune optoelectronic properties. In this context, the current mappings of the 

topographic image (red rectangle in Figure 3.3b) are carried out under dark (no light) and 

light condition for direct comparison. It is evident that current flow under illumination is 

enhanced for all the regions (flat, fold and wrinkle). However, wrinkled regions present 

the strongest contrast compared with other two regions. I-V junction characteristics of 

flat, folded and wrinkled region under illumination are presented to further explore this 

behaviour (Figure 3.4b). Here, I-V curves present rectifying characteristics with 5V 

forward bias under illumination whereas no obvious current responses were obtained for 

three regions using the same applied voltage under the dark condition. Furthermore, a 

small photocurrent is detectable under the zero voltage bias, which might be arisen from 

the tiny photo-response compared with the instrumental current threshold (~10 pA) or 

small work function difference between the top and bottom electrodes (Pt/Ir tip and Au). 

Enhancement of the electrical current under illumination might have a close relationship 

with the photo-generated carriers. As the I-V curves still exhibit diode-like features, it can 

be proposed that the current flowing in the circuit is mainly decided by the 

metal/semiconductor contact resistance. Through adopting the thermionic model, either 

increasing the temperature or decreasing the SBH can intensify the current. Both current 

mapping and time-resolved photo-response under the repeated on-off light irradiation 

indicate the hysteresis, which is normally due to the thermal effect, is not obvious in flat 

WS2 samples (Figure A5.5-A5.6). To further investigate the impacts of photo-generated 

carriers on SBH, the surface potential under the light irradiation is shown in Figure 3.4c. 

It is obvious that the surface potentials on both flat and folded regions exhibit an abrupt 
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increase when the incident laser is on. Figure 3.4d shows the surface potential variation 

as a function of the incident laser power measured in the same region. The detailed surface 

potential images can be found in Figure A5.7. For both the flat and folded regions, the 

biggest variation occurs when the laser is switched on, which indicates that the surface 

potential change mainly originates from the photoexcitation rather than the thermal 

excitation.  

 

 
Figure 3.4 | Differentiation of wrinkled and folded nano-structures by photo-conductive AFM.  
(a) Current mapping (of the region marked by red rectangle in Figure 3.3c) under dark (no light) and light 
(60 mW) at forward biased voltage of 4V; (b) Current-voltage (I-V) curve showing photocurrent response 
for flat, fold and wrinkle under excitation from a 532nm laser with 60 mW power density. (c) Surface 
potential mapping of 1L and 3L under dark (no light) and light (60 mW) (d) Laser power dependent surface 
potential (mV) response of 1 & 3L flat and fold under excitation from a 532nm laser with 60 mW power 
density. Error bars indicate the variation in measurements. 
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According to the KPFM set-up, the increase of surface potential is a consequence  of 

accumulated positive charges on the surface or the appearance of upward dipole-

moment.66 Both effects can bend the band structure of WS2 samples, lowering the SBH. 

Therefore, the photo-enhanced current is attributed to lowering the SBH by the photo-

generated current.  

3.6 Chapter summary 

In summary, we have successfully demonstrated the fabrication of both fold and wrinkle 

nanostructures simultaneously in 1-3L WS2 by controlling strain. It is found that the 

interlayer screening effect is the dominant factor in layer dependent surface potential 

measurements. Therefore, we find layer dependent surface potential reduction for both 

perfect pack and twisted layers of ultrathin WS2. The current mappings demonstrate strain 

tuning of semi conductive junction properties of strain induced wrinkles. This behaviour 

is explained using Thermionic model, which suggests 20% reduction in Schottky barrier 

height through 1.6% strain on wrinkle. Photo- Conductive Atomic Force Microscope 

(PCAFM) investigation reveals further lowering of SBH due to photo generated carriers. 

Our technique offers a route to local strain engineering in ultra-thin materials, opening 

many applications in diverse fields such as electronics, quantum optics, optoelectronics 

and surface science. 
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4 SHG OF FOLDS AND STRAIN 
INDUCED WRINKLES 

4.1 Introduction 

Structural engineering of 2D materials provide an exciting platform to tailor the material’s 

properties through modification in lattice structure. As discussed, both strain engineering 

and folding provide an effective way to tune optoelectronic properties and improve the 

performance of optoelectronic devices, therefore, there is a need of full assessment of 

local strain vector and folding parameters to utilize their full potential. 

Conventionally, determination of both strain amplitude and direction requires 

combination of multiple tools. For instance, researchers use atomic force microscopy 

(AFM) to measure the strain amplitude on strain induced wrinkles1 whereas 

electron/neutron microscopy is used to determine the relation of strain direction to lattice 

structure.2 Recently, optical second-harmonic generation (SHG) has been shown to probe 

the crystallographic orientation, lattice symmetry and stacking order of non-inversion 

symmetric 2D materials such as odd layers of TMDs, hBN, Group IV 

monochalcogenides, etc.3–6 Because SHG intensity is very sensitive to the structural 

configurations of 2D materials; it is, in principle, feasible to employ SHG to monitor 

folding and straining in 2D materials.  

Here, we have used polarization dependent SHG as a single tool to probe folding angle 

and strain vector precisely in atomically thin tungsten disulphide (WS2). Trilayer folds 

with 60o folding angle are found to show 9 times SHG enhancement as compared to 1L 
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WS2 due to the vector superposition of SH wave vectors coming from the individual 

layers of the folds. We find strain dependent SHG quenching and enhancement, parallel 

and perpendicular respectively to the direction of the compressive strain vector. However, 

strain angle dependent total SHG (without polarizer) remains constant which allows us to 

find the local strain vector accurately using photoelastic effect. We find SHG to be very 

sensitive to C-exciton and can be tuned through strain modification. Our results show 

SHG is a powerful tool to pro be both folding angle and strain vector in atomically thin 

TMDs. 

4.2 Differentiation of folds and wrinkles by SHG 

In this work, we have used mechanical buckling of the flexible substrate to obtain folds7 

(1-3L) and strained wrinkles1 (5-6L) in atomically thin WS2. The details of the fabrication 

method are shown in Figure 4.1a and given in methods section and A6.1-2 in 

supplementary information. Optical microscopic images of folds (1-3L) are shown in 

Figure 4.1b. Odd layers i.e 1L, 3L and 5L show SHG signal due to non-centrosymmetric 

structure whereas even layer numbers do not show SHG signal due to centrosymmetric 

structure which is consistent with the previous studies.6 Interestingly, a significant higher 

SHG response (~2-3 times) from folded regions is observed as compared to flat regions 

as shown in Figure 4.1c. Power dependent SHG on flat, folded and wrinkles regions is 

performed to confirm if the photons collected are SH photons. The corresponding SHG 

signal intensity is drawn with excitation power on a log scale. A fitted value ~ 2 on 

logscale for power vs SHG intensity confirms the collected photons as SH photons13–15 

(Figure A6.2).  
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Figure 4.1 | Differentiation of wrinkles and folds by SHG  
(a) Schematic diagram of the fabrication process of buckled WS2 sample. (b) Optical microscopic image of 
1-3L WS2 sample fabricated by the process described in (a), showing the formation of folds due to collapse 
of wrinkles. (c) AFM (Atomic force microscopy) topography image of the region marked by the white 
dashed rectangle in (b) (d) Optical microscopic image of 5-6L buckled WS2 sample showing strained 
wrinkles on 5L and 6L. (e) SHG intensity mapping of the region shown in Figure 4.1(b). The mapping 
shows SHG enhancement on 1L and 3L folded regions. (f) SHG intensity mapping of the region shown in 
Figure 4.1(e). The SHG mapping shows reduction in SHG on 5L wrinkles. (g) AFM topography image of 
the region marked by the white dashed rectangle in (e). Inset shows SEM (Scanning Electron Microscopy) 
of the wrinkle’s profile (h) A stat-plot showing the SHG response for flat, folded (1L & 3L) and strained 
wrinkled (5L) regions for ultrathin WS2. Histogram shows the SHG intensity response, with uncertainties 
indicated by the error bars. The light brown, green and light blue rectangles indicate the SHG intensity 
measurements for flat, folded and wrinkled regions respectively. All the measurements are taken at 900nm 
laser excitation. 

Atomic Force Microscopic (AFM) investigation shows that the height differences 

measured on the 1L, 2L and 3L folds of WS2 are found to be 1.4 ± 0.5, 2.8 ± 0.5 and 4.2 

± 1 nm respectively (Figure 4.1d and Figure A6.3). These values match the height of 

2L, 4L and 6L WS2 very well as the thickness of single layer is evaluated around 0.7 
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nm16, which confirms the bifold formation (such as trilayer fold or 1L+1L+1L on 1L 

WS2) in 1-3L WS2. SHG investigation of 5L wrinkles shows a drop in SHG as compared 

to flat 5L (Figure 4.1f) which will be explained later. AFM investigation of 4-6L wrinkles 

reveals a rapid increase in the height (~50-70nm) as shown in Figure 4.1g and Figure 

S3. The wrinkle like curvature in Scanning electron microscopy (SEM) examination 

confirms that wrinkles maintain their curvature in >4L in WS2. (Figure 4.1g)Phase 

Shifting Interferometry (PSI) is employed to identify the layer number.8–12 We have used 

900nm laser excitation confocal light microscope for second harmonic generation (SHG) 

mapping (450nm) of flat and folded regions of 1-3L WS2 as shown in Figure 4.1c (see 

methods section Appendix A2 for more details).  

4.3 SHG investigation of folds 

In the previous section, we showed SHG enhancement on folds. The SH response from 

the fold can be modeled by the vector superposition of all the layers of the fold which is 

explained here. Let’s consider the case of trilayer fold (1L+1L+1L) on 1L WS2. Opening 

up of 1L fold shows that the top layer of the fold (designated as L1 in Figure 4.2a) is 

parallel to the bottom layer (L3), which implies arm chair direction of L1 (shown as the 

black line bisecting the hexagonal WS2 and black triangle in L1) is parallel to the armchair 

direction of L3 (green bisecting line), whereas armchair direction of the mid layer L2 (blue 

bisecting line) of the fold makes an angle of 180o with the arm chair direction of L1 and 

L3. 1L WS2 belongs to D3h symmetry, therefore, it shows a six-fold polar SH response as 

under6;  

 cos23            (1)             
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where  is the SHG intensity for parallel polarization (i.e polarizer is parallel to the   

direction of polarization component of incident laser) and  is the azimuthal angle 

between the polarized incident laser and the armchair direction.5,6 SHG intensity becomes 

maximum when the incident laser polarization is parallel to the armchair direction.6 For 

our folding case, IL1 = IL3  cos23 1 and IL2 cos2 3( 1+180+ f) where IL1(2 ), IL2 (2 ), 

and IL3 (2 ) are the SHG wave vector responses from L1, L2 and L3 of the fold. Hsu. et. 

al.3 reported that SH wave vector from two stacked layers (Is) under parallel polarization 

can be found by the vector superposition of SH wave vectors from two individual layers 

as under; 

  (2) 

where  is the stacking angle between the armchair directions of a and b. Thus, SHG 

response from the fold can be solved by the vector superposition of the SHG response 

coming from the individual layers of the fold i.e IL1(2 ), IL2(2 ) and IL3(2 ) as shown in 

Figure 4.2b. 

In case of our trilayer fold, this can be done by the vector addition of two entities first 

(IL1(2 ) and IL2(2 )) to find their resultant IL12(2 ) where  = 180+ f) and then adding 

this resultant vector i.e IL12(2 ) to the third entity vector (IL3(2 )) to get the overall 

resultant vector ILf(2 ) where ILf(2 ) is SH wave vector from the fold. 1 is the azimuthal 

angle between incident laser polarization component and armchair direction of IL1(2 ) 

whereas 3 P is the phase shifting angle between IL1(2 ) and ILf(2 ) as demonstrated in 

Figure 4.2b.  
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Figure 4.2 | Engineering SHG through folding of atomically thin TMDs.  
(a) A schematic illustration for the stacking of layers in a trilayer fold (1L+1L+1L). The top (layer 1) and 
bottom layer (layer 3) are parallel to each other, whereas armchair direction of mid layer (layer 2) makes 
an angle of (180+ f) with the armchair direction of top and bottom layer. [The lines (black, blue and green) 
bisecting the triangles (black, blue and green) show the armchair direction] (b) Vector superposition of the 
SH fields from the layer of the fold, where IL1(2 ) (black line), IL2(2 ) (blue line) and IL3(2 ) (green line) 
are the SH wave vectors from L1, L2 and L3 respectively, I( ) (brown line) is the laser wave vector and 
ILf(2 ) is the resultant SH wave vector from the fold. 3 1 is the phase shifting angle between input linearly 
polarized laser and IL1(2 ) whereas 3 P is the phase shifting angle between IL1(2 ) and ILf(2 ). (c) 
Calculated SHG Ill (2 ) polar response for 1L flat and fold (40o

f). A( A, A) is the maximum SHG ( A) 
amplitude point for the fold with A (degrees) angle from 0o whereas B( B, B) is the minimum SHG ( B) 
amplitude point for the fold with B (degrees) angle from 0o. Af ( Af, Af) and Bf ( Bf, Bf) represent the 
maximum and minimum point of the flat region.  (d) Experimental investigation of polarization resolved 
SHG I||(2 ) intensity pattern for 1L flat and folded WS2. Continuous lines are the fitted plots, whereas 
symbols are experimental data points. (e) The folding angle dependence of SHG phase shift angle (degrees) 
(f) The folding angle dependence of SHG enhancement for fold, where enhancement= A / Af. (g) The 
folding angle dependence of (Linear dichrisom)-1 where (Linear dichrisom)-1 = B / A. Dashed line is the 
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calculated response whereas spherical symbols are the experimental data points. Error bars represent the 
range of error in the measured values. 

Using the above scheme, the angular SHG response of folded region [ILf(2 )] with f = 

40o is calculated as shown in Figure 4.2c where A( A, A) is the maximum amplitude 

point of SHG ( A) for the fold with A (degrees) angle from horizontal (0o) whereas B( B, 

B) is the minimum SHG ( B) amplitude point for the fold with B (degrees) angle from 

horizontal. Af ( Af, Af) and Bf ( Bf, Bf) represent the maximum and minimum points of 

the flat region. Here, Af and Bf represent AC (armchair) direction at 0o and ZZ (zigzag) 

direction at 30o because we are using parallel polarization for SHG.  

In order to experimentally investigate the polarization dependent SHG response of folded 

region, we put a polarizer in between sample and spectrometer in such a position that the 

polarization component of the SH radiation is parallel to the polarization state of the 

incident laser (900nm)i.e parallel polarization of SHG (see methods section for more 

details). We get an enhanced (~2.6) SHG polar response from the folded region ( f = 20o) 

along the armchair direction as demonstrated in Figure 4.2d (See supplementary section 

S4 for folding angle determination). As folding angle is expected to tune SHG intensity 

coming from the fold, we calculate SHG enhancement factor = A / Af as indicated by the 

dashed line as shown in Figure 4.2e. The calculated angular SHG response shows 1 to 9 

times SHG enhancement as f goes from 0o to 60o. The experimental results are found in 

good agreement with the calculated values which shows the validity of our model 

predictions. Phase shifting angle of folded region is the angular variation in waveform of 

folded region w.r.t flat region. This measurement can be important in order to optimize 

the device performance. We, therefore, calculate the phase shifting angles as follow; (i) 

A = A - Af and (ii) B = B – Bf. A maximum phase shift of 6o is found at 20o and 40o 

for B and B respectively as shown in Figure 4.2f. However, phase shifting angles are 
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too small to be detected accurately within the resolution limit of our experimental setup. 

An anisotropy response of SHG intensity is expected to be influenced by folding angle, 

therefore, we are interested to calculate (linear dichroism (LD))-1 = B / A which shows a 

maximum value of 0.3 at 30o f as shown in Figure 4.2g. Experimental investigation 

shows good agreement with the model prediction. The above results thus establish SHG 

as a powerful technique to monitor folds in atomically thin WS2. 

4.4 SHG investigation of strained wrinkles  

In the previous section, we showed that the wrinkles on 5L do not collapse and maintain 

their wrinkles’ like curvature; therefore, SHG response of wrinkles is expected to be 

influenced by the local strain vector. In this context, we run polarization-dependent SHG 

on the flat and winkled regions (P1 and P2) of 5L WS2 (Figure 4.3a-4.3c) using pump 

830nm laser which is initially aligned with the armchair direction of the flat region. 

Similar to 1L, we get a uniform six-fold SHG polar pattern from flat 5L WS2 due to D3h 

symmetry (Figure 4.3a).  

On the other hand, we get a distortion in SHG polar pattern on strain induced wrinkles 

(P1 and P2) as shown in Figure 4.3b-c. In order to understand SHG polar pattern evolution 

for strain induced wrinkles, we consider photoelastic effect, an established approach,17 

for the explanation of SHG polar pattern evolution under strain. Let’s take the case of odd 

layer WS2 (D3h symmetry) under uniaxial strain  along the horizontal direction as 

depicted in Figure 4.3d. 
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Figure 4.3 | Determination of strain vector by angle resolve SHG   
(a) Experimental investigation of polarization resolved SHG intensity Ill (2 ) pattern for for flat (b) P1 

wrinkle (c) P2 wrinkle of 5L WS2.  Continuous lines are the fitted plots, whereas symbols are experimental 
data points. Red dashed line indicates the direction of strain. Determination of strain amplitude and 
direction is given in the following figures. (d) A schematic illustration to show the uniaxial strain  applied 
along the horizontal direction with o strain angle between strain direction and AC (armchair) direction. 
Tensile strain and compressive strain are indicated by positive and negative signs respectively. ZZ: zigzag. 
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(e) Calculated polar response of SHG intensity Ill (2 ) for WS2 at the strain levels of 0% and -1% (0o strain 
angle). A1( A1,0o), A2( A2,60o) and A3( A3,120o) are three points with SHG intensity of A1, A2 and A3 in 0o, 
60o and 120o direction with respect to horizontal direction. SHG intensity reduces and increases in the 
direction along and perpendicular to the compressive strain vector. (f) Calculated SHG Ill (2 ) polar 
response of WS2 at strain angles of 20o and 40o ( = -1%). (g) Calculated strain angle dependent A1, A2, A3 

and A1+ A2+ A3 ( = -1%) (h) Strain dependent calculated ratio of A1+ A2+ A3 and ( A1+ A2+ A3)flat i.e 

( A1+ A2+ A3) / ( A1+ A2+ A3)flat, 1 = -1.72% (blue sphere) and 2 = -2.38% (plum sphere) represent two strain 
values extracted from P1 and P2 wrinkles’ SHG polar plots shown in Figure 4.3a-c where ( A1+ A2+ A3) / ( 

A1+ A2+ A3)flat = 1.15  and 1.25 for P1 and P2. (i) Strain angle ( o) dependent calculated A1 / ( A1+ A2+ A3) 
for 1 (blue line) and 2 (plum line). 1 = 69o (blue sphere) and 2 = 71o (plum sphere) represent strain angles 
extracted from P1 and P2 SHG polar plots where A1 / ( A1+ A2+ A3) = 0.51 (P1) and 0.58 (P2). (j) SHG contour 
map showing strain (%) and strain angle ( o) of P1 (blue sphere) and P2 (plum sphere) wrinkles extracted 
from SHG polar plots solely. The measured strain and strain angle using combination of AFM and SHG 
are displayed as black spheres for the comparison.  

 

Strain angle ( o) is defined as the angle between strain direction and AC (armchair) 

direction. The parallel polarized SHG intensity “I//(2 )” under uniaxial strain  for D3h 

symmetry class considering photoelastic effect, is;17  

               (3) 

where A = (1 - )(p1 + p2)( xx + yy) + 2 o and B = (1+ )(p1 - p2)( xx - yy), p1 and p2 are the 

photoelastic coefficients,  xx and yy are the values of the strain(%) along x and y direction 

where tensile strain and compressive values are taken as positive and negative 

respectively,  is the Poisson ratio,  is the polarization angle and 0 is the nonlinear 

susceptibility parameter of the unstrained crystal lattice. Because the wrinkles’ formation 

occurs due to the inward compressive forces, therefore, the polar SHG response is 

calculated for 0% and -1% strain amplitude (at =0o) using Poisson ratio of (WS2) = 0.2218, 

p1= 0.75 nm/V/%19, p2 = -0.97 nm/V/%19 and 0 = 4.5 nm/V20 (Figure 4.3e). 

SHG quenching and enhancement is found in the direction parallel and perpendicular 

respectively to the strain direction. The quenching and enhancement in their respective 
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directions increase with the strain amplitude. The pattern’s distortion is associated with 

the direction of compressive strain vector as demonstrated for variable strain angles (20o, 

40o) in Figure 4.3f. If A1( A1,0o), A2( A2,60o) and A3( A3,120o) represent three points with 

SHG intensity of A1, A2 and A3 along three AC directions = 0o, 60o and 120o 

respectively (Figure 4.3e), we find an invariable total SHG intensity ( A1+ A2+ A3) 

irrespective of the strain angle (Figure 4.3g). As the total SHG intensity ( A1+ A2+ A3) 

remains constant for each value of strain angle, we can use this finding to calculate strain 

dependent ( A1+ A2+ A3)/( A1+ A2+ A3)flat to extract 1 = -1.72% and 2 = -2.38% from SHG 

polar plots of P1 and P2 wrinkles (Figure 4.3h). Hereafter, we calculate strain angle 

dependent A1 / ( A1+ A2+ A3) for 1 and 2 values as shown in Figure 4.3i to extract 1 = 

69o and 2 = 71o from SHG polar plots. The extracted values are displayed in a contour 

plot (Figure 4.3j). Extracted values of strain angle are very close to each other because 

the wrinkles (on the same sample) are parallel to each other. Using the extracted values 

of strain vector, we find that SHG polar plots (Figures 4.3b-c) fit well to photoelastic 

behaviour and degree of distortion relates well with the extracted values of strain vector. 

In order to validate our model calculations, we use AFM and polarization dependent SHG 

to measure the strain xx (%) and the strain angle ( o) respectively for the selected wrinkles 

(See section S6 and S7 for more details). The measured values (black spheres in Figure 

4.3j) show good agreement with the extracted measurements from SHG polar plots using 

the scheme given in Figure 4.3a-i. Conventionally, the strain direction and amplitude 

measurements require the combination of multiple tools, such as AFM and polarization 

dependent SHG are required for these measurements in our case. However, SHG as a 

single powerful tool has the potential to probe strain amplitude and direction in 2D 

materials. 
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4.5 Wavelength dependent SHG of folds and wrinkles  

SHG response is expected to be influenced by variation in laser wavelength, therefore, 

we run laser excitation wavelength dependence (810< <950nm) on the flat, folded and 

wrinkled regions of ultrathin WS2 (Figure 4.4a-c). Here, we find SHG peak centered at 

870-880nm laser wavelength (or 435-440nm of SHG wavelength) in wavelength 

dependent SHG for 1L flat region (Figure 4.4b). The peak position is attributed to the 

resonance phenomenon due to the presence of C-exciton.13,21 (Figure 4.4d). Wavelength 

dependent SHG response of 1L folds shows SHG enhancement at all the wavelengths 

scanned (Figure 4.4b). Recently, SHG is found highly sensitive towards strain according 

to the recent research.22 This sensitive behavior is shown by significant (49%) SHG 

quenching per 1% strain in atomically thin MoSe2.22 Such highly sensitive behavior is 

also reported for MoS2.17 However, no study is reported on the origin of such sensitivity 

of SHG towards strain in 2D TMDs. Wavelength dependent SHG of strain induced 5L 

wrinkles show a remarkable blue shift in exciton resonance SHG peak (Figure 4.4c). This 

shift in SHG peak position appears to be dependent on strain amplitude. The shift in SHG 

peak position is attributed to the strain dependent shift in C-exciton resonance which is 

consistent with the literature.23  

In order to further explain the origin of this shift, we employed first-principles density 

functional theory (DFT) using simulation code Abinit to calculate the strain dependent 

wavelength dependent second order non-linear susceptibility I  (-2 , , ) of 5L WS2 

(See Methods section Appendix A2 for more details). Tensile strain causes red shifting 

of SHG peak whereas compressive strain results in blue shifting of SHG peak position. 

The simulation results show a remarkable shift in SHG peak position (in resonance with 

C-exciton) upon strain (%) as shown in Figure 4.4e-f which is ~ 12.5 nm / Strain (%). 
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The experimental measurements show a shift ~ 15 nm / Strain (%) which agrees well with 

the simulation results. Hence, wavelength dependent SHG clarifies the origin of 

resonance enhanced SHG peak shift in strain induced wrinkles thus provides another way 

to characterize fold and wrinkle nanostructures.  

 

Figure 4.4 | Differentiation of folds and wrinkles through wavelength dependent SHG   
(a) SHG intensity mapping of 1L folds and 5L wrinkles for 830 nm and 900 nm. 1L folds show an 
enhancement on both the excitation wavelengths scanned whereas WS2 wrinkles show an enhancement and 
reduction in SHG intensity at 830 nm and 900nm respectively. (b) Excitation wavelength dependent SHG 
intensity of folded and flat regions of 1L WS2. Folds show an enhancement at all the wavelengths scanned. 
(c) Excitation wavelength dependent SHG of flat and strain induced (-1.72%, -1.95% and -2.38%) wrinkled 
regions of 5L WS2. SHG peak blue shifts with the compressive strain. (d) The band structure of 5L WS2 
with the label of C calculated by the DFT. The arrows indicate the transition in A, B and the band nesting 
(C) (e) The wavelength dependent second order non-linear susceptibility (I ) spectra of 5L WS2 for three 
Strain (-2%, 0%, 2%) levels. Spectra are vertically shifted by 500nm and 1000nm for improved visibility. 
The C-exciton resonance enhanced SHG peak position is indicated by C. (f) The strain dependent SHG 
peak wavelength (in resonance with C exciton). Black colour and red colour spheres represent calculated 
and experiments values respectively. Black dashed line is the linear fit of the calculated values.  
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4.6 Chapter summary 

In summary, we have shown SHG as a sensitive and powerful tool to investigate the 

folding angle and strain angle accurately in 2D WS2. Here, for the first time, we use 

polarization dependent SHG technique to measure folding angle and strain vector in 

atomically thin tungsten disulphide (WS2). Trilayer folds are found to show 9 times SHG 

enhancement due to the vector superposition of SH wave vectors coming from the 

individual layers of the fold with 60o folding angle. We find strain dependent SHG 

quenching and enhancement in the direction parallel and perpendicular respectively to 

the direction of the compressive strain vector. However, despite a variation in strain angle, 

total SHG remains constant which allow us to find the local strain vector using 

photoelastic approach. We also demonstrate that band-nesting induced transition (C peak) 

can highly enhance SHG, which can be significantly modulated by strain. Our results 

present an important advance, with applications in nonlinear optical devices.  
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5 TEMPERATURE DEPENDENT 
SECOND HARMONIC 
GENERATION IN ULTRATHIN 
TMDS 

5.1 Introduction 

Temperature is found to alter optoelectronic properties such as bandgap modulation1, 

variation in phonon modes2–5, tuning in carrier mobility6 in 2D TMDs. Therefore, it is 

important to investigate the layer dependent thermal variation in 2D TMDs in order to 

better control and optimize the performance of electronic devices. As discussed, optical 

second-harmonic generation (SHG) is sensitive lattice symmetry7, lattice variation8 and 

strain direction and intensity9–11 in 2D layered materials. Thermal variation causes 

significant structural variation in 2D materials, thus making SHG a potentially useful and 

powerful tool to investigate temperature changes in 2D materials. Here, we show SHG a 

highly sensitive tool to investigate the thermal variation in ultrathin TMDs. An opposite 

SHG response is found for single layer and few odd layers (3L, 5L, 7L, etc) of TMDs. A 

remarkable SHG enhancement (25.8%) is found in single layer MoSe2 with rise in 

temperature. On the other hand, few odd layers show considerable temperature dependent 

SHG quenching for 3L (-55.2%), 5L(-31.02%) and 7L(-18.4%) of MoSe2. Other TMD 

materials i.e. MoS2, WS2 and WSe2 show the similar trend which reveals an important 

structural characteristic for TMDs. Non-linear susceptibility calculations considering 

thermal expansion behaviour for single layer and few layers TMD explains the layer 
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dependent temperature dependent SHG behaviour, which shows good agreement with the 

experimental findings. Our results show SHG a powerful and sensitive probe to monitor 

thermal variation in layered TMDs. 

 

Figure 5.1 | Layer Dependent Second Harmonic Generation in MoSe2.  
(a) Schematic illustration of the SHG process, two photons of the same frequency  merge into a single 
photon with double frequency 2 . (b) Optical microscopic Image of 1-8L MoSe2 for Second Harmonic 
Generation (SHG) mapping. (c) SHG image of (b) showing the layer dependent SHG response (laser 
excitation: 900nm). (d) Column chart showing layer dependent SHG response of 1-8L MoSe2. Histogram 
shows the SHG intensity response, with variation in measurements is indicated by the error bars. (e) Power 
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dependent SHG of 1L and (f) 3L, 5L and 7L. (Note: All the SHG measurements are taken at 900nm laser 
excitation.) 

5.2 Layer dependent SHG in Molybdenum selenide 

In our experiment, few-layered MoSe2 flakes are mechanically exfoliated onto a Si/SiO2 

(275 nm) chip substrate using a scotch tape as indicated in12–14. MoSe2 layers are 

identified by their colour contrast on an optical microscope as shown in Figure 5.1b. 

Variable colours contrast indicate height variation. Phase-shifting interferometry (PSI)15–

20 is used to identify the layer number of ultrathin MoSe2 as shown in Figure A5.1a and 

A5.1b. Confocal light microscope (Zeiss 780) with 900 nm laser excitation is employed 

for Second Harmonic Generation (SHG) (see Annexure A3 section for more details). 

SHG mapping of 1-8L MoSe2 at room temperature (RT) is done in order to check the 

layer dependent SHG response as shown in Figure 5.1c.  

Even layers of MoSe2 belong to the centrosymmetric D3d space group, whereas odd layer 

number belongs to the non-centrosymmetric D3h space group, therefore, we get SHG 

signal from odd layer number, i.e. 1L, 3L,5L and 7L and we do not get SHG response 

from even layer number, i.e. 2L, 4L, 6L and 8L (Figure 5.1d), consistent with the 

previous studies7,9,21,22 which show SHG a sensitive probe to lattice symmetry. As SHG 

shows quadratic scaling behavior23–26, therefore, power dependent SHG measurements 

are performed for all the odd layers (1L, 3L, 5L and 7L) in order to confirm the existence 

of SH photons. The corresponding SHG signal responses for each odd layer were drawn 

with excitation power on a log scale27 as shown in Figure 5.1e and Figure 5.1f.  The 

obtained slope values ~2.0 confirm the SHG.  
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5.3 Temperature dependent SHG in layered Molybdenum 
selenide 

In order to determine the temperature dependent SHG behaviour, temperature controller 

equipped with liquid Nitrogen and heating source is used to tune the temperature of the 

sample (for more details see Methods section Appendix A3). SHG intensity mappings 

are performed at variable temperature settings ranging from -130oC to 110oC for 1-8L 

MoSe2 using 900 nm laser excitation as shown in Figure 5.2a-c.  

 

Figure 5.2 | Temperature Dependent SHG of Layered MoSe2.  
(a) Second Harmonic mapping of 1-8L MoSe2 sample at -90oC and 110oC. (b) Temperature dependent SHG 
response of 1L and (c) 3L, 5L, 7L where dashed lines indicate the linear fits and 1, 3, 5 and 7 indicate 
the slopes of the linear fit dashed lines for 1L, 3L, 5L and 7L.   (d)  Layer dependent temperature dependent 
SHG slope values ( 1, 3, 5 and 7). The variation in the measurements is indicated by the error bars. (e) 
SHG slope ratios ( 1/ 3), ( 1/ 5) and ( 1/ 7) for MoSe2. (All the SHG measurements are taken at 900nm 
laser excitation.) 

Even layers of MoSe2 do not show SHG response at all scanned temperatures. 

Interestingly, single layer and few odd layers of MoSe2 show opposite temperature 

dependent SHG behaviour. SHG intensity of 1L MoSe2 increases with the temperature 
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whereas few odd layers of MoSe2 i.e. 3L, 5L and 7L show the opposite trend. The 

measured temperature dependence of SHG fits linearly and 1, 3, 5, 7 represent the 

slopes of the linear fitted lines for 1L, 3L, 5L and 7L. The measurements show 

1=25.8+3.5 (brown), 3=-55.2+4.5 (green), 5 = -31.02+4 (blue) and 7 = -18.2+3 

(purple) for MoSe2 as shown in Figure 5.2d (variation in values is indicated by the error 

bars). SHG slopes ratios 1/ 3 (green), 1/ 5 (blue) and 1/ 7 (purple) are shown in Figure 

5.2e which show the increasing trend of 1/ n as layer number “n” increases. 

5.4 Temperature dependent SHG in other TMDs 

The temperature dependent SHG investigation indicates SHG is sensitive to thermal 

variation in MoSe2. In order to find the temperature dependent SHG behaviour with other 

layer dependent TMDs, we perform temperature dependent layer dependent SHG 

measurements for layer dependent WSe2, WS2, and MoS2 at the same laser excitation i.e. 

900 nm (Figure 5.3a-e). SHG mappings indicate that temperature dependent SHG for 

others TMDs shows the similar behaviour like thermal investigation in MoSe2. For 

instance, SHG response of 1L WSe2 increases with the temperature whereas 3L WSe2 

show a decreasing SHG response (Figure 5.3a-b). Similarly, SHG intensity for higher 

few layers i.e. 5L, 7L decreases with the rise in temperature. Layer dependent WS2 

(Figure 5.3c-d) and MoS2 (Figure 5.3e) show the similar trend. Here, we find the 

temperature dependent SHG slope values as under; 1 = 63.12 + 7.00, 3 = -33.22 + 5.16, 

5 = -29.74 + 4.98 for WS2, 1 = 18.29 + 2.91, 3 = -25.72 + 3.93, 5 = -21.51 + 4.07, 7 

= -14.02 + 3.28 for WSe2 and 1 = 93.03 + 8.91, 3 = -57.99 + 6.84, 5 = -52.89 + 6.46, 

7 = -43.97 + 4.22 for MoS2 (Figure 5.3f). 
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Figure 5.3 | Temperature Dependent SHG of other layered transition metal dichalcogenides (TMDs).  
(a) Optical microscope image of 1-3L WSe2 sample used for SHG mapping. (b) Temperature dependent 
SHG mapping of WSe2 at -194oC and 70 oC. (c) Optical microscope image of 1-3L WS2 sample. (d) 
Temperature dependent SHG mapping of WS2 sample at -120 oC and 20 oC. (e) Temperature dependent 
SHG mapping of the sample at -50oC and 70 oC. (Note: All Scale bars indicates 5 μm length, laser excitation 
= 900nm) (f) Layer dependent temperature dependent SHG slope values ( ) for WS2, WSe2 and MoS2. (g) 
SHG slope ratios for WSe2, WSe2 and MoSe2. A variation in measurements is indicated by the error bars.  

 

Temperature dependent SHG slope ratios (1L to 3L, 5L, 7L) indicate 1/ 3 = 1.9 + 0.165, 

1/ 5 = 2.18 + 0.18 for WS2, 1/ 3 = 0.71 + 0.068, 1/ 5 = 0.85 + 0.075 and 1/ 7 = 1.304 
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+ 0.115 for WSe2, and 1/ 3 = 1.6 + 0.1, 1/ 5 = 1.76 + 0.11 and 1/ 7 = 2.11 + 0.16 for 

MoS2 as shown in Figure 5.3g which shown similar temperature dependent SHG 

behaviour for other TMDs. As Temperature dependent SHG behaviour for other TMDs 

is found similar and SHG response is sensitive to variation in lattice structure, SHG 

behaviour indicates an important structural characteristic for TMDs. Therefore, we 

explore the thermal expansion behaviour of TMDs to understand and explain the 

temperature dependent SHG in TMDs layers. 

5.5 Simulations 

The optical field of the SHG is proportional to the nonlinear optical susceptibility; 

therefore, the relation between SHG intensity and crystal lattice can be shown by 

calculating second order nonlinear susceptibility considering thermal expansion in layer 

dependent TMDs. In this regard, we employ first-principles density functional theory 

(DFT)30 using simulation code Abinit to calculate the second order non-linear 

susceptibility I  (-2 , , ).27 

Exchange-correlation function within the local density approximation (LDA)31 and a k-

point sampling for the Brillouin zone (BZ) integration are used . An energy cut-off of 

52Ry for the plane-wave basis and a k-point sampling of 30×30×1 is applied in the 

simulation. A vacuum layer thicker than 10 Å is added to avoid the mirror interaction. 

Dynamical stability of the crystal structures is confirmed by phonon dispersion from 

density functional perturbation theory calculations. We speculate that thermal expansion 

behaviour in TMD layers might lead to the opposite SHG responses in 1L and few odd 

layers of TMDs. Few layers and bulk TMDs, with weak Van der Waals forces (X-X) 

between vertically stacked layers, show higher thermal expansion than 1L TMDs in 

interlayer direction.32 Therefore, we consider Van der Waals gap during thermal 



Chapter 5: Temperature Dependent Second Harmonic Generation in Ultrathin TMDs 

94                     Ahmed Raza Khan - 2020 

expansion behaviour in few odd layers of TMDs. In 1L MoS2, Vertical lattice parameter 

is represented by “d” or (S-Mo-S) bond length and horizontal lattice parameter is 

represented by “a” 1L MoS2 (TMD) as shown in Figure 5.4a. Lattice parameters increase 

with the rise in temperature. Thermal expansion of the vertical lattice parameter (d) is 

reported to be greater than thermal expansion of horizontal lattice parameter (a)33. 

Therefore, we have calculated the second order non-linear susceptibility I  (-2 , , ) 

(mV) of 1L MoS2 for three cases; (i) free 1L MoS2, (ii) 4% increase in d (iii) 1% increase 

in a. DFT calculations show that non-linear susceptibility (I ) decreases as horizontal 

lattice parameter (a) increases whereas non-linear susceptibility (I ) shows an 

enhancement with increase in d (Figure 5.4b) which explains the SHG enhancement with 

temperature in 1L TMDs.  

Few layers in TMDs are under the influence of interlayer attraction forces from other 

layers which are of Van der Waals’ type.34–37 Therefore, in comparison with 1L, few 

layers and bulk TMDs are reported with comparatively higher out-of-plane expansion 

coefficient as compared to in-plane expansion coefficient.32,33 This directional 

dependence thermal expansion behaviour can lead to variable lattice symmetries for 1L 

and few odd layers of TMDs showing us the opposite SHG behaviour for 1L and few 

layers TMDs. This interlayer attraction due to S-S bond length is represented by Van der 

Waals’ gap d2 as shown in Figure 5.4c. On the other hand, d1 indicates the vertical 

intralayer attraction due to S-M-S bond length. Van der Waals forces of attraction are 

considered weak forces of attraction as compared to intralayer forces of attraction, 

therefore, d2 is expected to increase considerably greater than d1 with temperature 

increase. We have calculated the second order non-linear susceptibility I  (-2 , , ) 

(mV) for few layers of MoS2 for three cases; (i) free few layer MoS2, (ii) 4% increase in 

d1 (iii) 8% increase in d2.  Non-linear susceptibility calculations show that I  (-2 , , ) 
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decreases as d2 increases for few layers MoS2 as shown in Figure 5.4d. The considerable 

increase of d2 with temperature shows SHG quenching. Thus, the calculated results of 1L 

and few layers for temperature dependent second order non-linear susceptibility show 

good agreement with our experimental findings.  

 

Figure 5.4 | Temperature dependent nonlinear susceptibilities in 1L and 3L of TMDs. (a) 1L MoS2 
(side view) showing intralayer attraction as represented by (S-M-S) bond length d (side view) and lattice 
constant a (top view). As temperature increases, d increases greater than a.  (b) Second-order non-linear 
susceptibility calculation for 1L with 4% increase in d shows enhancement in non-linear susceptibility 
response as compared to free 1L. (c) Few layer MoS2 showing intralayer attraction as represented by (S-
M-S) bond length d1 and vander waal gap d2 between two layers. As temperature increases, d2 increases 
greater than d1. (d) Second-order non-linear susceptibility calculation for few layers with 8% increase in d2 
shows quenching in non-linear susceptibility as compared to free few layers. 
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5.6 Chapter summary 

In summary, we have shown SHG response is highly sensitive to temperature modulation 

in 2D TMD. Temperature variation in ultra-thin TMDs is found to tune SHG response 

which has variable trend for single layer and few odd layers (3L, 5L, 7L, etc) of TMDs. 

1L MoSe2 shows remarkable SHG enhancement (25.8%) in single layer MoSe2 with 

temperature increase. On the other hand, few odd layers show considerable SHG 

quenching which is found to be -55.2%, -31.02% and -18.4% in case of 3L, 5L and 7L of 

MoSe2. Other TMDs materials i.e. MoS2, WS2 and WSe2 show the similar trend which 

reveals an important structural characteristic for TMDs. Second order non-linear 

susceptibility calculations considering weak Van der Waals forces during thermal 

expansion in ultrathin TMDs show good agreement with the experimental findings. Our 

results would pave the way to enable novel applications of TMDs in nonlinear optical 

devices.  
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6 ADDITIONAL STUDY: LIGHT 
MATTER INTERACTIONS IN 
1D NANOWIRES  

6.1 Introduction 

Zero phonon lines (ZPL)1 are narrow sharp peak emission at low temperature which are 

purely electronic in nature. They have characteristic vibrational structure and hence can 

be used for determining photophysical, photochemical and physicochemical properties of 

complex compounds.2 Hence, there has been a tremendous revival of interest in narrow 

line-width emissions due to their fundamental applications in single photon emission 

sources, which have key applications in linear optics quantum information processing.3 

ZPLs have also been established to be applied for nano lasers,4 optical waveguides,4a, 5 

flexible/cost-effective optical devices6 and tunable-wavelength emission displays.7, 

optical data storage8 and processing in the space-frequency domain and single impurity 

molecule spectroscopy.9 Zero-phonon or quasi-line spectral emissions were reported by 

Shpol’ skii10 in 1962 at low temperature by inducing the molecules in a matrix or solution 

at low temperatures, thus confirming the phonon less nature of these emissions.  

There have been several attempts to generate similar quasi-line or Shpol’ skii spectra 

emissions. Recently, self-assembled InAs quantum dots3 and trapped atoms have been 

demonstrated as such sources for highly indistinguishable single photons and quasi-line 

emissions. Several complex polyatomic organic molecules embedded in molecular 

crystals or solutions have been demonstrated in the past to obtain ZPL emissions (See 
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Table S1). But, all of them have been two-component systems which require the desired 

chromophore to be in a frozen solution or matrices in order to reduce the phonon sideband 

emissions. This dilutes the light emitting molecule concentration in the matrix and hence 

the light generation efficiency is considerably reduced.2, 5-6 There have been no reports so 

far which show a single component and single-crystal molecule solid-state system 

generating Shpol’ skii spectra. Broad phonon sideband emission arises due to different 

energy level of molecules in a system11 and that is why they need to be put in matrices or 

solutions as discussed above, to confine their degree of freedom and achieve narrow 

quasi-line spectral emissions.  In a single-crystal molecule system, high crystallinity is 

the key to observe Shpol’ skii effect but until now it has been a challenge to grow highly 

crystalline solid states systems that generate ZPL emissions. One-dimensional (1D) 

nanostructures such as nanowires, nanoribbons/belts and nanotubes have gathered 

significant attention due to their two dimensional quantum confinement.6a, 12 This makes 

them promising candidates for achieving quasi-line spectral emissions. But most those 

nanomaterials have been mostly externally doped conjugated polymers13 or large two 

dimensional non-linear extended aromatic systems like hexabenzocoronene.12, 14 That 

makes it difficult to achieve large scale high order crystalline and defect free growth of 

1D structures, especially with molecules that show  face stacking necessary to make 

1D structures.14-15 Most of the reported 1D organic structures have been demonstrated in 

liquid phase16 grown by using self-assembly in liquid phase solutions, restricting their 

applications in solid state electronic devices.17 Low molecular weight organic materials 

on the other hand offer a distinct advantage as compared to their inorganic counterparts 

in terms of their good processability,18 large-scale/low-cost synthesis,6a, 14 high 

photoluminescence (PL) efficiency19 and molecular tenability of electronic properties.20  
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But, in solid state growth of organic molecules over a substrate, it is difficult to achieve 

dimensionality control and effectively control the width and length of the 1D 

nanostructure.6a, 14 Moreover, it is well known that in organic crystalline structures the 

opto-electronic and electronic properties are a direct function of the molecular orientation, 

degree of crystallinity and defect states in the lattice.21 For ensemble organic molecular 

systems in solution, the local arrangement of the molecules in the solution affects their 

ability to absorb light and hence affects their optoelectronic properties.22 There have been 

recent reports on using physical vapor deposition (PVD)7, 11, 23 techniques to grow solid 

states 1D crystalline organic structures. However, they still have not been able to control 

monodispersity of the organic molecules, especially with low-molecular weight organic 

molecules as deposition sources.6a, 14 

Here, we present a single component, high crystalline organic 1D nanowire made from 

single-crystal low molecular weight oligoacene- pentacene (PEN) molecule deposited on 

hexagonal boron nitride (hBN) using a low temperature PVD process. We report 

interesting optical properties form the 1D nanowires at room and low temperature. The 

PL spectra from the nanowires are clearly resolvable into three vibronic peaks at room 

temperature as compared to the broad sideband emission from bulk thin film pentacene. 

We attribute this PL spectra to a high degree of crystallinity and reduced degrees of 

translational and rotational freedom24 of molecules in 1D PEN wire. Hence, resulting in 

clearly resolvable vibronic energy levels and reduced charge-phonon coupling in the 

lattice. At cryogenic temperatures, due to further freezing of molecular degrees of 

freedom and reduction of thermal phononic coupling results in quasi-line spectra25 from 

PEN wires.  This emergence of these atomic-like quasi-line spectra is called Shpol’ skii 

effect10, 26 and was reported in frozen organic solutions at low temperatures by Shpol’ skii 

in 1952. The reported quasi-line spectra have a linewidth of ~1-2 nm and are a resultant 
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of the reduced phononic coupling with the excitons in the lattice2. The linewidth reported 

in our case is much lower as compared to the linewidth reported from similar organic 1D 

nanostructures11 grown using similar PVD methods. These quasi line spectra arising at 

low temperatures are ZPLs2 attributed to zero-phonon transitions between the electronic 

energy levels of the organic molecules, confirmed by a high value of the Debye-Waller 

factor (DW).2, 25 We further establish the high crystallinity and higher degree of molecular 

orientation of the PEN molecules in the 1D nanowire structure using polarization-

resolved PL emission spectra and time-resolved PL emission. We also demonstrate a 

metal oxide semiconductor (MOS) device incorporating the 1D PEN wire to effectively 

demonstrate an external electric control of the quasi line spectral emission at low 

temperatures. Our results effectively demonstrate the use of PEN 1D organic nanowires 

for future optoelectronic devices such as nanolasers27, OFETs28, multi-coloured light 

emitting diodes (LEDs)7b, optically driven lasers29, photodetectors, logic gates and 

construction of interconnects and functional units of next generation miniaturized 

optoelectronics.6a 

6.2 Fabrication of 1D nanowires 

Among light-weight oligoacenes, pentacene and its derivates have shown best 

performances in thin-film devices30. Thus, we chose pentacene for our 1D growth. Figure 

6.1a shows the optical image of the PEN wires grown on hBN substrate. hBN provides a 

defect free and dangling bond free flat area for molecular deposition with high degree of 

molecular orientation31. Mechanically exfoliated few-layer hBN sheets were transferred 

onto a 285 nm SiO2/Si substrate. The PEN was then deposited using a thermal vapor 

deposition process using a tube furnace (Figure A8.1). (See Appendices A4 and A8. 

Supplementary information Note 1). The grown PEN wires were characterized using 
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Raman spectroscopy (Figure A8.2). The growth of the PEN wires was optimized at 

various growth temperatures (Figure A8.3a) and time durations (Figure A8.3b) to achieve 

long length and high crystalline 1D nanowires.  High resolution AFM imaging was used 

to characterize the physical thickness and diameter of the PEN wires (Figure 6.1b). Most 

of the PEN wires had a circular cross-section with an average width of ~300-400 nm and 

an average thickness of ~250-300 nm. The average length of the wires was ~14 m, which 

is much higher than previously reported PVD grown 1D nanowires on substrates6a, 7b, 11. 

Figure 6.1c shows the schematic growth mechanism of 1D PEN nanowires on hBN 

substrates. First, the smaller PEN molecules are connected linearly by H-bonds forming 

long chains and depositing over hBN surface utilizing  interaction with the 

substrate31. The vertical deposition then is a result of Van der Waals interaction between 

pentacene molecules. At this juncture, as the deposition rate increases, interactions 

between PEN molecules cause the molecules to bend inwards facing each other6a leading 

to the formation of wire like 1D structures. We confirmed the same using high resolution 

SEM imaging (Figure 6.1d). The prepared samples were then excited using a 532 nm CW 

laser. The resultant PL emission spectra is shown in Figure 6.1e. The PL spectra from the 

1D PEN wire is clearly resolved in to three peaks at 600 nm, 660 nm and 730 nm. The 

origin of the peaks is explained later. The spectrum from 1D PEN wires is in sharp 

contrast to the broad and much weaker PL emission from thin film pentacene grown on 

the same substrate and bulk pentacene samples. 
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Figure 6.1 Characterization of PEN wires  
(a) Optical microscope image of the quasi 1D PEN wires used for measurements. The scale bar is 5 m. 
Inset: PL mapping image of the PEN wires showing the strong emission from wires. (b) Zoomed Atomic 
force microscope (AFM) image of the PEN wires confirming the diameter to be ~ 300 nm. (c) Schematic 
representation of the growth mechanism of the PEN wires during the vapor deposition mechanism. See text 
for details. (d) SEM image of the PVD grown PEN wires on hBN substrate, showing the morphology of 
the wire. (e) PL emission spectra (red curve) from PEN wires at room temperature, showing three clear 
peaks at 600 nm, 660 nm and 730 nm. Broad sideband PL emission from bulk (green) and thin film 
crystalline pentacene grown on hBN (blue) is also shown for comparison.   
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The optical absorption and emission from organic molecular assemblies is a direct 

function of the molecular crystallinity and degree of orientation21b. Hence, well resolved 

and high-intensity PL emission from 1D wires is a resultant of the highly crystalline an 

ordered growth of PEN wires on a clean defect free flat hBN adsorption surface. To 

further confirm the role of hBN in achieving ordered growth, we ran the growth of PEN 

wires again using the same methods and conditions on a SiO2/Si substrate. We observed 

tiny needle like 1D structures protruding out of micelle like nucleation sites (Figure A8.4). 

The growth of those 1D PEN structures on SiO2 was highly disordered and the PL 

emission (Figure A8.4c) were much weaker and less resolved as compared to the wires 

grown on hBN. Thus, establishing the role of hBN as a template or adsorbent surface for 

the ordered high crystalline and dimensionality-controlled growth of 1D PEN wires.  

6.3 Shpol’ skii effect and quasi-line spectra 

To further understand the optical properties of crystalline 1D PEN wires and substantiate 

their role for various optoelectronic applications, we performed temperature dependent 

PL spectroscopy down to 77 K. Figure 6.2a shows the PL spectra from 1D PEN wires at 

various temperatures. The spectra start to resolve into various sharp and narrow linewidth 

peaks as the temperature decreases. The first emergence of narrow peaks is spotted at 213 

K (Figure A8.5). At 77 K, the spectrum is clearly resolved into sharp quasi-line emission 

peaks with an average line width of 2-3 nm (See Table S2 for fitted peak positions). In 

some optimal growth cases, we observed the linewidth to be ~ 1nm (Figure A8.6).  

Whereas, we did not observe such narrow linewidth PL peaks from 1D needles grown on 

SiO2 (Figure 6.2b). The emergence of quasi-line spectra from 1D PEN wires is very 

different from the broad sideband PL emission from thin film PEN grown on similar hBN 

substrate (Figure A8.7).  
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The origin of quasi-line spectra from 1D PEN wires and the difference with thin film PEN 

be explained using the energy level band diagram in Figure 6.2c. In bulk thin films of 

organic molecules such as pentacene, the emission band broadening/dispersion results 

mainly from the fact that various molecules have different energy levels32. As a result, 

multiple vibronic band are formed (also called Davydov splitting33). The energy levels 

(in both ground and excited states) are roughly divided in vibronic sub-bands, defined by 

the number of quanta  (=1,2…). Each vibronic band has further vibrational sub-bands 

induced due phononic coupling of charges (indicated by =1,2...) The width of each 

vibronic band incorporating molecular interaction and vibrational frequency of molecules 

has been theoretically calculated by Spano et al.34 Due to low crystallinity, the charges 

couple with phonons (vibrations) in the crystal lattice plane to form diffused 

vibronic/vibrational bands (as shown Figure 6.2c). Each vibrational band is spread due to 

this strong phononic coupling of rotational translational states of charges2. The interaction 

of molecules with lattice phonons is represented by spread of vibrational sublevels. 

Multiplicity of characteristic vibrational and vibronic bands of these molecules results in 

further diffusiveness of electronic-vibrational bands and causes a quasi-continuum 

spectrum as obtained from bulk thin films. The inhomogeneous spectral broadening arises 

from electronic transitions involving lattice phonons, giving rise to a comparatively broad 

phonon sideband emission (PSB)2, 24.  

In our single crystalline, 1D PEN wires due to flat h-BN substrate, the molecules are 

confined distinctly in the lattice with a specific geometric configuration and higher degree 

of orientation4a, 5-6, 11 as compared to bulk organic thin films, with less defect and 

interfacial states. This limits the large rotational and translational degrees of freedom of 

molecules and this ordered environment drastically reduces the phonon coupling resulting 

in narrower optical transitions2. Even at room temperature narrowing of vibrational level 
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occurs, simplifying the optical spectra into discrete narrower emissions (Figure 6.1e). The 

emergence and enhancement of vibrational structures can be attributed the increases of 

long-range order and higher degree of molecular orientation in PEN wires.  

At low temperature all vibronic transitions can be further resolved (with FWHM ~ 2-3 

nm), resulting in an almost quasi-line spectrum called the Shpol’ skii effect. At low 

temperatures, the degrees of freedom for the molecules are further frozen resulting in 

further educed electron-phonon coupling. This causes the PL spectra to be resolved in to 

quasi-line peaks or the narrow zero-phonon lines35 (ZPL) emissions from the 

vibronic/vibrational sub bands to ground state (as shown in Figure 6.1c). Such line-

spectra only appears upon specific transitions in the band structure, which do not involve 

lattice phononic vibrations (analogous of Mössbauer36 lines). The reduction in spread of 

vibronic/vibrational sub bands occurs due to high ordered growth of PEN molecules over 

hBN and further reduction in phonon-electron coupling at low temperature.  It has been 

shown in the literature that Shpol’ skii effect is affected by guest-host molecular 

interactions23-24. Hence, the emergence of Shpol ‘skii spectrum can be attributed to these 

two factors: highly ordered molecular orientation (high crystallinity) and low 

temperature. ZPLs were not observed from the PEN needles on SiO2 (Figure 6.2b). This 

further substantiates the role of high crystallinity in PEN wires in achieving ZPL spectral 

emissions at low temperature.   

It has been shown theoretically that the electron-phonon coupling and change of 

temperature influences the FWHM and integrated PL emission from organic matrices25, 

30. To further confirm the Shpol’ skii effect and the role of ZPLs in the spectra obtained 

from 1D PEN wire, we performed temperature dependent FWHM and Integrated PL 

intensity analysis. The relation between the integrated intensity of the ZPL and total 
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intensity of the (ZPL+PSB) band is determined by linear-electron phonon coupling and 

is called Debye-Waller factor (DW)2, 37 and is defined by the following equation (1). 

    (1) 

where, IZPL is the integrated PL intensity from the sharp zero-phonon line peak and IPSB 

is the total integrated area of the remaining broad sideband emissions. The IZPL and IPSB 

were obtained by fitting the PL spectra from PEN wires using a Lorentzian fitting function 

(Figure A8.8) and then the integrated area under the curve under the sharp peak IZPL and 

under the nearest phonon sideband emission IPSB were obtained to determine the DW 

factor 

 The variation of extracted DW factor from 1D PEN wire as a function of temperature is 

shown in Figure 6.2d. The high value of DW factor (0.72) at 77 K confirms the limited 

phonon coupling with the charges resulting in quasi-line spectra. As a comparison we 

have also shown calculated DW factor for an excitonic emission from 1L WSe2 

monolayer. The linewidth of PL emission peak is also a direct function of phonon 

coupling. Figure 6.2e (Figure A8.9) shows the variation in full-width half maximum 

(FWHM) from peak 1(peak 2, 3) emissions from 1D PEN wire and 1L WSe2 monolayer. 

The FWHM from 1D PEN wire is much lower as compared to the excitonic peak width 

at 77 K from 1L WSe2.  The sharp reduction in FWHM (~ 2-3 nm at 77 K) from the PEN 

wire PL peak 1, confirms the reduced phonon coupling in the PEN crystal lattice38 

resulting in quasi-line spectral emissions, which is consistent with previously reported 

ZPL emissions from low dimensional organic materials2 and other Shpol’ skii matrices 

(See table S1).  We further performed pumping power dependent PL measurements at 77 

K (Figure A8.10), which confirmed the mission to be below lasing threshold.  
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Figure 6.2 Temperature dependent PL emission and Shpol’ skii effect.  
(a) Measured PL spectra at various temperatures from PEN wires. The vibronic levels are well resolvable 
at cryogenic temperatures as evident from quasi-line spectral emissions. (b) PL emission spectra 
comparison between PEN wires grown on hBN with PEN needles grown in SiO2 at 77 K. The PEN needles 
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on SiO2 do not show the clearly resolvable vibronic levels as shown from PEN wires grown on hBN.  (c) 
Schematic showing the energy level diagram in pentacene. The exciton bands with vibrational coupling for 
pentacene thin film (left) are shown. Only first three vibronic bands are shown. The vibronic bands (red) 
are demonstrated by  =1, 2, 3... and the vibrational bands (grey) formed due to strong coupling between 
the exciton and phonons are shown by =1,2,3… The spread or thickness of vibrational levels accounts for 
the level of phononic coupling and degree of freedom in all cases. The molecules in bulk thin film case are 
at various energy levels leading to an emission band broadening and the PL emission is a broad sideband 
phononic emission as shown in Figure 6.1d. The vibronic levels in PEN wires at RT are further resolved 
due to confinement of molecules distinctly in the lattice with specific geometric configuration and high 
degree of orientation. In this case more neighbouring molecules have similar energy levels, leading to a 
degenerate PL emission spectrum as shown in Figure1d. At low temperature (right), the charge-phonon 
coupling, or vibrational coupling is further reduced leading to even further reduced thickness of vibrational 
levels at low temperature. As result the vibronic levels are well defined due to reduced degree of freedom 
of molecules and minimal charge-phonon coupling. This effect of observing quasi-line spectra at low 
temperature is called Shpol’ skii effect as shown in Figure 6.2a.  (d) Debye-Waller (DW) factor obtained 
from PEN wire (peak =600 nm) and 1L WSe2 (peak =750nm) as a function of the temperature. At 77 K the 
DW factor is much higher in PEN wires as compared to TMDC monolayers confirming an almost zero 
phonon emission or a quasi-linear PL emission. (e) Variation of full-width half maximum (FWHM) of 
excitonic PL emission peaks from PEN wires (peak = 600nm) and WSe2 (peak =750 nm). The FWHM from 
PEN wire excitonic emission is much lower as compared to TMD monolayer and the reduction in FWHM 
with temperature to ~ 3nm, confirms the zero-phonon line emission from PEN wires.  

 

6.4 High order crystallinity and molecular orientation 

To further understand the crystalline structure and orientation of pentacene molecule unit 

cells inside the 1D PEN wire, we performed polarization angle resolved PL emission 

spectroscopy at both room temperature and 77 K. Figure 6.3a shows the PL spectra at 

various emission polarization angles at room temperature. PL intensity from 1D PEN 

wires strongly depended on the emission polarization angle  and showed a period of 180 

degrees. Peak 1 (600 nm) showed opposite polarization dependence as compared to peaks 

2 (660 nm) and 3 (730 nm). Based on the polarization data and theoretically predicted 

molecular packing in pentacene30, we can identify the crystal faces in PEN wire as 

shown in Figure 6.3b. The wires grow along the 010 axis or the 100 face14, 23 (see inset 

SEM image in Figure 6.3b and Figure A8.11).  
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Figure 6.3 Polarization angle-dependent PL measurements.  
(a) Measured PL intensity as a function of emission polarization angle  from PEN wire samples at room 
temperature, revealing the anisotropic excitonic nature of emission from the PEN wires. In experiment, the 
excitation polarization angle was fixed and the polarization angle of the emission  was determined by 
using an angle-variable polarizer located in front of the detector.  (b) Schematic diagram showing the 
growth morphology and crystalline structure molecular arrangement in PEN wires grown on hBN. The 
molecular axis as in a conventional triclinic pentacene crystal have been marked as a, b and c. The inset 
SEM image shows the 001 and 100 face of as grown PEN wires. (c) Measured polar plot of PL emission 
spectra peaks as a function of emission polarization angle  from PEN wires at room temperature revealing 
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the opposite anisotropic excitonic nature of PL emission peaks at 600 nm, 660 nm and 730 nm. E is the 
direction of selected emission polarization. ‘a’ and ‘b’ are pentacene molecular axis. (d) Measured PL 
intensity as a function of emission polarization angle  from PEN wire samples at 77 K. (e-f) Measured 
polar plot of PL emission spectra peaks as a function of emission polarization angle  from PEN wires at 
77 K revealing the opposite anisotropic excitonic nature of PL emission peaks. For remaining polar plots 
see Figure A8.13. 

Figure 6.3c shows the polar plot of PL intensities as a function of polarization angles. 

Peak 1 is clearly polarized along the long‘b’ axis of PEN unit cell, while peak 2 and 3 are 

aligned along the ‘a’ axis23. This clearly highlights anisotropy in 1D PEN wires 

originating due to high crystalline and ordered growth in the 1D wires. We performed 

similar polarization resolved (excitation and emission) measurements at 77 K (Figure 

6.3d and Figure A8.12) to understand the anisotropic behaviour of the Shpol’ skii spectra 

observed at 77 K. We observed the same trend as at room temperature. The quasi-line 

spectra peaks 1 and 2 (See Table S2) are aligned along the ‘b’ axis (Figure 6.3e). The 

remaining quasi-linear peaks were aligned along the ‘a’ axis of PEN unit cell as shown 

in Figure 6.3f and Figure A8.13. Increased crystallinity and order can also lead to 

enhanced lifetime of PL emission peaks in crystalline materials40. To substantiate the high 

crystallinity in our 1D nanowires, we also performed time-resolved PL (TRPL) 

measurements at room temperature and 77 K. Figure 6.4a shows the decay curve obtained 

from peaks 1,2 and 3 from PEN 1D wire at room temperature and the bulk thin film. The 

decay trace curves were deconvoluted with respect to the instrument response function 

(IRF) and then were fitted using the equation:  , where I is the PL 

intensity, A and C are constants, ‘t’ is time, and 1 is decay rate indicating emission 

lifetime. The long single exponential lifetime represents  radiative recombination time at 

room temperature.41 An effective lifetime of 1 = 3.36 ± 0.6 ns, 3.07 ± 0.3 ns and 2.74 ± 

0.4 ns (Figure 6.4c) was extracted for peaks 1, 2 and 3 respectively at room temperature, 

which is about three times higher than the extracted radiative lifetime form thin film 
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pentacene of 1.24 ns. Similarly, at 77 K, effective radiative lifetime for 5 major peaks 

was extracted as shown in Figures 4b, d.  

 

Figure 6.4 Time-resolved PL emission from PEN wires.  
(a-b) Time-resolved PL emission (normalized) from PEN wires at 298 K (a) and 77 K (b). The orange curve 
represents the decay curve from bulk thin film pentacene for comparison. An effective long lifetime of 1.24 
ns (1.01 ns) was extracted from the orange decay curve at 298 K (77 K), by a fitting with deconvolution 
using the instrument response function (IRF) (green curve). The red/blue balls represent decay curve from 
1L, which is from FR exciton emission. The red (600 nm), blue (660 nm) and green (730 nm) decay curves 
are from PEN wires PL emission spectra. The deconvolution using IRF, gives an effective lifetime value 
of 3.36 ns, 3.07 ns and 2.74 ns respectively at 298 K. Similarly, at 77 K, deconvolution with IRF has been 
used to extract a long lifetime from various peaks at 77 K. See text for values. (c-d) Graphical representation 
(with experimental errors bars) showing the distribution of extracted lifetime from various peaks of PL 
emission spectra from PEN wires. For peak positions refer to Table S2.  
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The error bar in Figure 6.4c, d shows the variation in the measured data from around 20 

similar samples that were tested over a period of few weeks. The effective lifetime from 

1D PEN wire increased to an average ~ 4.5 ns (Figure 6.4d) while the thin film lifetime 

was reported to be around 1.01 ns. It is important to note here that the prolonged lifetime 

in PEN wires as compared to thin film pentacene is due to the lower trap density and 

lower degree of non-radiative trap/defect assisted recombination of excitons as compared 

to the thin films. Similar effects have been observed in other crystalline low dimensional 

material such as TMDCs and perovskites42. Thus, establishing the high order crystallinity 

and high degree of molecular orientation in our 1D PEN nanowires. 

6.5 MOS device based on 1D PEN nanowires 

We further incorporated the 1D PEN nanowire into a metal-oxide semiconductor (MOS) 

device to use external static back gate voltage to manipulate the quasi-line spectra for 

various optoelectronic device applications. Figure 6.5a shows the schematic diagram of 

the MOS device used for back gate voltage dependent PL modulation. During the 

measurements, the gold electrode was grounded, and the p+ doped Si substrate was used 

as a back gate providing a uniform electrostatic doping for the 1D PEN in this MOS 

device. The measured PL spectrum was very sensitive to the electrostatic doping and can 

be significantly modulated by the gate voltage. The PL intensity decreases when we inject 

negative charge into the samples, indicating that the 1D PEN has an initial n-type doping, 

Figure 6.5b-c show the variation in PL spectra at different back gate voltages at 298 K 

(77 K). The variation in PL intensities with back gate voltage is evident even for quasi-

line spectra peaks at low temperature. The variation in PL intensity of peaks 1, 4 and 12 

(See Table A8.22) as a function of back gate voltage is shown in Figure 6.5d. Electrostatic 

control of the quasi-line spectra is further demonstrated through change in DW factor as 
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a function of back gate voltage (Figure A8.14 and A8.15). Thus, establishing the 

applications of 1D PEN nanowires in future optoelectronic device applications. 

 

Figure 6.5 Back gate dependent modulation of PL emission from PEN wire MOS device.  
(a) Schematic diagram of the MOS device used for static doping of charges into the PEN wire. (See optical 
image in Figure 6.1a). (b) Measured PL spectra from PEN wire sample at room temperature under various 
back gate voltages, showing clear modulation of all emission peaks. (c) Measured PL spectra from PEN 
wire sample at 77 K under various back gate voltages, showing similar modulation of all emission peaks as 
observed at room temperature. (d) Variation of peak =600 nm, 654 nm and 747 nm as a function of sweeping 
back gate voltage at 77 K, demonstrating a clear n-type doping in the PEN wire. The MOS device confirms 
the external control of the PL emission that can be achieved by modulating back gate voltage.  
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6.6 Chapter summary and future recommendations 

In summary, we have demonstrated a quasi-line spectrum from a single component, solid 

state system of low-molecular weight single crystalline molecule organic material. We 

experimentally observed zero-phono lines in the PL emission spectra from 1D PEN 

nanowires originating due to Shpol’ skii effect at cryogenic temperatures, which have not 

been reported before from single molecular crystalline solid-state systems. This was 

achieved due to a highly crystalline and ordered growth of PEN molecules in a 1D 

nanowire grown over an adsorbent defect free and flat hBN surface. Control of 

dimensionality and order in PVD process has been a challenge to grow similar 1D organic 

nanostructures for various optoelectronic applications. We demonstrated an optimized 1D 

nanowire which has high crystallinity and subsequently exciting optical properties for 

future optoelectronics. The restriction in degrees of freedom and reduced electron-phonon 

coupling in 1D nanowires led to vibronically well-resolved PL spectra. At low 

temperatures, further thermal phonon coupling is reduced, and the PL spectra is resolved 

in to quasi zero-phonon lines- the Shpol’ skii spectra, as evident through extracted 

FWHM and DW factors form temperature dependent measurements. We further establish 

the high crystallinity through angle and time-resolved PL measurements. We finally 

demonstrate a MOS device based on 1D PEN nanowires, which shows an external control 

of quasi-line spectra using back gate voltage. Our results pave the way for use of organic 

1D nanowires in nanolasers, OFETs, optical waveguides, chemical sensors, 

photodetectors and functional/interconnecting units of future nano optoelectronic and 

photonic devices. As high crystalline structures of 1D Pen nanowires offer amazing 

optical properties for industrial applications, we also speculate interesting nonlinear 

properties of 1D nanowires which is recommended for future research. 
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7 CONCLUSIONS AND 
PROSPECTS 

7.1 Conclusions 

In summary, this thesis has explored the extraordinary nonlinear light matter interactions 

through optical second harmonic generation (SHG) in low dimensional materials. 2D 

TMDs as the experimental platform are used to explore the nonlinear light matter 

interactions. Also, light matter interactions in 1D Pentacene nanowires are discussed as 

an additional study. We have used straining, folding, vapour deposition and thermal 

modulation to study extraordinary nonlinear light matter interactions in our samples.   

Chapter 3 talks over the successful fabrication of folds and wrinkles in 1-3L WS2 by 

controlling strain. Physical, electrical and optoelectronic characteristics of folds and 

wrinkles are investigated via atomic force microscopy (AFM), surface potential, current 

and photo-current measurements. Interlayer screening effect is found as the dominant 

factor causing layer dependent surface potential reduction for both perfect pack and 

twisted layers (folds) of ultrathin WS2. Strain is found to tune semi conductive junction 

properties significantly which is ~12.5% reduction in Schottky barrier height per % strain 

where laser illumination causes further lowering of SBH due to photo generated carriers.  

Chapter 4 discusses the investigation of extraordinary second harmonic generation in 

folds and strained wrinkles in ultrathin WS2. SHG from twisted layers of folds follow 

vector superposition principle of SH wave vectors coming from individual folding layers, 

as a result, trilayer folds with 60o folding angle show 9 times SHG enhancement due to 
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the vector superposition of SH wave vectors coming from individual folding layers. Thus, 

polarization dependent SHG can be successfully used to determine the folding angle. 

Strain dependent SHG quenching and enhancement in the direction parallel and 

perpendicular respectively to the direction of the compressive strain vector is found in 

polarization dependent SHG. However, despite a variation in strain angle, total SHG 

remains constant which allows us to find the local strain vector using photoelastic 

approach. Band-nesting induced transition (C peak) is shown to highly enhance SHG, 

which can be significantly modulated by strain.  

Chapter 5 is focused on temperature dependent SHG investigation in layered TMDs. SHG 

response is shown highly sensitive to temperature modulation in 2D TMDs using 900 nm 

laser excitation. Temperature dependent SHG is found to show opposite trends for single 

layer and few odd layers (3L, 5L, 7L, etc) of TMDs. A remarkable temperature dependent 

SHG enhancement (25.8%) is found in single layer MoSe2 using 900 nm laser excitation 

whereas few odd layers show significant temperature dependent SHG quenching which 

is found to be -55.2%, -31.02% and -18.4% in case of 3L, 5L and 7L of MoSe2. 

Temperature dependent SHG investigation with other TMDs i.e. MoS2, WS2 and WSe2 

shows the similar trend which reveals an important structural characteristic for TMDs. 

Second order non-linear susceptibility calculations considering weak Van der Waals 

forces in higher layer number (leading to variable symmetry for 1L and few odd layers) 

during thermal expansion in ultrathin TMDs show good agreement with the experimental 

findings.  

Chapter 6 discusses light matter interactions in 1D Pentacene through optical PL 

spectroscopy as an additional study of light matter interactions in low dimensional 

materials. 1D Pentacene nanowires are grown on hBN (hexagonal Boron Nitride) using 
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vapour deposition. 1D Pentacene is observed to show high crystalline features which are 

investigated through PL spectroscopy. High crystalline features are explained using 

Shpol’ skii effect and we report the first experimental demonstration of Shpol’ skii effect 

in a one-component organic solid-state system at low temperature. Zero phonon line 

(ZPL) emission is observed with width of ~1-2 nm and a high value of Debye-Waller 

factor (0.72) from our epitaxial grown high-crystalline and ordered 1D organic nanowire, 

which is attributed to specific molecular configuration and higher degree of orientation 

of molecules as compared to bulk thin film counterpart.  

In sum, this thesis is focused on nonlinear light mater interaction in low dimensional 

materials for applications in next generation optoelectronic and nonlinear photonic 

devices.  

 

 

 

 

 

 

 

 

Figure 7.1 | Various prospects of optical harmonic generation for emerging applications in imaging 
and photonic devices 
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7.2 Applications and prospects  

This thesis shows the extraordinary nonlinear responses achieved through folding, strain 

and thermal activity in low dimensional materials. This section will discuss about the 

device applications of nonlinear responses in low dimensional materials, their current 

progress, challenges and potential research directions ahead. Extraordinary light matter 

interactions in 2D materials can lead to numerous applications such as pulsed laser, bio-

imaging and sensing, photonic devices and tera-hertz wave generation (Figure 7.1) which 

are stated as follow; 

7.2.1 Ultrashort pulsed lasers 

Ultrashort pulsed lasers have many applications in far-reaching fields, such as nonlinear 

imaging and microscopy, optical communications, military, micro- and nano-surgery, 

material processing, optical frequency comb and spectroscopy.1 The optical harmonic 

generation gives the possibility of obtaining new frequencies when intensive pulsed laser 

radiation propagates through a non- linear environment which results in radiation 

generation with corresponding harmonics frequencies.2 For example, green visible laser 

is achieved through the second harmonic generation when Nd:YAG laser (1064nm) is 

targeted on nonlinear KTP (potassium titanyl phosphate - KTiOPO4 ) crystal. Similarly, 

Lithium Niobate (LiNbO3) and LiB3O5 are also used to generate green laser (532nm) from 

Nd:YAG laser (1064nm).2 The optical harmonic efficiency of a material is controlled by 

its saturable absorption which is the key factor for the optical harmonic conversion 

efficiency. Conventional materials show a limit to optical harmonic conversion which a 

minimal optical harmonic conversion efficiency.3 Recently, researches on 2D materials 

have shown them as the suitable materials for ultra-short pulsed laser technology due to 

high absorption, ultrafast carrier recovery time, high optical harmonic conversion 



Chapter 7: Conclusions and prospects 

126                     Ahmed Raza Khan - 2020 

efficiency, and simple fabrication methods. Therefore, 2D materials are expected to be 

the potential materials for future laser technology. Various 2D materials are employed to 

check their potential for pulsed laser technology. For example, Graphene is found to 

generate coherent pulsed laser with good conversion efficiency from near IR to mid IR 

lasers.4 The layer dependent optical harmonic generation in 2D TMDs and BP have been 

extensively studied for applications in laser technology. The bandgap at visible 

frequencies of TMDs shows efficient nonlinear conversion efficiency for visible pulsed 

lasers.5–7 A series of 2D materials pulsed lasers have been developed in different 

configurations. The first TMDs based mode-locked laser with pulse duration of 800 ps 

was reported by Zhang et. al. using MoS2 saturable absorber (SA) which was developed 

by depositing few-layered MoS2 nanosheets.8 The harmonic TMDs mode locked lasers 

are demonstrated to achieve high repetition rate fibre laser. A MoS2 based mode-locked 

laser is reported with highest repetition rate of 2.5 GHz for 369th harmonic state with 3 ps 

pulse width.9 Among the reported TMD mode-locked lasers, Tian et al. demonstrated the 

MoS2 based laser with highest output power of 150 mW corresponding to a maximum 

pulse energy of 15.5 nJ and the shortest pulse duration was recorded as 935 fs.10 A review 

on TMDs based pulse laser and graphene is reported by Chunyang et. al.1 and Mohanraj 

et. al.6 Our results show SHG tuning behaviour based on strain engineering, folding and 

thermal modulation. The strain dependent exciton peak shift allows us to get variable 

range of pulsed lasers.     

7.2.2 Bio imaging 

Optical harmonic generation has gained considerable popularity as an ideal method for 

imaging of live cells and tissues due to its large imaging depth, good resolution and 

reduction of photo damage in biological tissues.11 For example, the use of near infrared 
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excitation results in the ability to penetrate deeply into thick tissues because of reduced 

Rayleigh scattering, thus leading to the possibility of building a 3D image.12 SHG, as a 

diagnostic tool, is used for the imaging of biological tissues such as membranes13, 

collagen14, myosin11, microtubules, etc. 

As the SHG microscope can selectively observe the non-inversion symmetric regions, 

therefore, non-symmetric structures, molecular ordering and structural organization in 

biological samples can be measured using SHG microscope. For example, SHG was 

successfully employed for the first time to observe the non-centrosymmetric structure of 

rat-tail tendon.15 In another study SHG and THG were used to observe the Sebaceous 

gland and blood vessels in mouse.16 The ordering of lipid molecules in the plasma 

membrane is estimated by comparing the SHG intensity coming from the polar dye 

molecules applied on membrane.17,18 SHG, as a characterization tool for polar structures, 

is employed successfully for the imaging of polar structured proteins such as collagen 

myosin and microtubules in biological tissues.19–24 As a result, various medical 

applications such as the diagnosis of collagen-related diseases and the detection of 

tumour-associated collagen as a cancer biomarker have been diagnosed using SHG 

microscopy due to their polar structures.25–28 SHG, as affected by the electric field 

variation, can be employed to locate the sensitivity of neurons.11,29 While some biological 

tissues show low intensity of SHG signal due to molecular symmetry, therefore, the 

membranes are stained with polar chromophores or amphiphilic polar dye molecules to 

enhance the SHG signal for imaging analysis.30 SHG intensity comparison is beneficial 

to find the membrane and cell damage in biological tissues. In this context, a research is 

conducted on toxic material induced plasma membrane damage using SHG imaging. 

Amphiphilic dye molecules were introduced to enhance the quality of SHG imaging. An 

increasing degree of the disordering of membrane structure due to the concentration of 
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the toxic material causes the SHG intensity (ISHG) to drop. The fully destroyed membrane 

results in no SHG signal generation. Thus, the membrane damage would be able to be 

monitored by the ISHG of the membrane. Similarly, positively charged micro-particles 

induced HeLa cells membrane were observed by the SHG microscope.31 In a review13, 

SHG microscopy was shown as a tool to investigate structural proteins from several tissue 

types i.e. tendon, bone, muscle, etc. Comparison of the SHG images provides the basis 

for identifying the molecular origin of biological tissues. Polarization anisotropy further 

probes the lateral and radial symmetry of the protein assemblies. Paul et. al. also 

highlighted optical second harmonic generation microscopy as an effective probe for the 

sensitive detection of cell membrane damage26,32  

Recently, 2D materials are effectively used in various biomedical applications. For 

example, 2D MoS2 was successfully used as a non-bleaching optical probe in biomedical 

diagnostics.33 In addition, S6 ribonucleic acid aptamer conjugated graphene oxide was 

employed for selective two-photon imaging of SK-BR-3 breast tumour cell.34 Even 

though research of 2D materials in bio-imaging applications is at the entry level, however, 

2D materials are expected to open up new doors for biomedical imaging and sensing. 

7.2.3 Photonic devices  

A photonic integrated circuit (PIC) is a device that integrates multiple components to 

perform photonic functions or optical computing similar to an electronic integrated 

circuit.35 Optical computing are proposed future techniques using photons which are 

expected to provide a fast speed, higher bandwidth data transfer with low power loss than 

the electrons used in conventional computers. Optical computing uses photonic logic, 

which is the use of photons in logic gates to implement logic functions (AND, OR, NOR, 

NAND, etc).35–40 Optical harmonic generation along with other nonlinear optical 
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processes such as sum frequency generation, difference frequency generation provide the 

main building blocks to implement photonic logic functions. However, a large obstacle 

for realizing photonic logic is the weak optical nonlinearity properties of the conventional 

materials causing large power consumption.38 Here, we review the applications of 

nonlinear optics in some photonic devices such as frequency modulators, tuneable 

waveguides and optical switches, etc. 

7.2.3.1 Optical modulators and tuneable waveguides 

Optical modulators play an important role for various optical applications including 

signal processing, sensing and communication.41. Optical harmonic generation processes 

along with other nonlinear optical parametric processes such as sum-frequency 

generation(SFG), difference-frequency generation (DFG),etc are the important 

approaches to achieve tunable coherent radiation at optical frequencies that can hardly be 

obtained by lasers directly.42 Low loss performance is vital for devices that operate in the 

terahertz regime (0.3–30 THz), because of the low efficiency offered by the available 

terahertz pulse generation methods. Low dimensional materials are expected to provide 

drastic improvements in both power-density and speed, which is able to overcome the 

limitations that have beset conventional photonic switches for decades.43 In addition, 2D 

materials are expected to consume low power rates due to their low scale dimensions and 

phase matching.44 In this regard, MXene, a graphene like material, is successfully 

fabricated for optical modulation for an investigation in nonlinear optics which indicated 

that MXene could act as an information converter in an optical light control light 

system.45  

A waveguide is a structure that guides waves, such as electromagnetic waves or sound, 

with minimal loss of energy by restricting the transmission of energy to one direction.46 
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Tunable waveguides are important building blocks of photonic circuits capable to tune 

and transmit the waves. The simplest and most fundamental tuneable waveguide is a 

waveguide second harmonic generation, where output frequency is doubled to the 

frequency of the input pump frequency. Optical harmonic generation waveguides offer 

coherent waves at wavelengths where no appropriate laser is available. Therefore, 

tuneable waveguide implementing high harmonic generation enables the generation of 

short wavelength beams.47 Optical harmonic generation and other non-linear optical 

processes such as sum-frequency generation (SFG), and difference-frequency generation 

(DFG) are the most prominent approaches to obtain tuneable waves at optical frequencies 

hardly achievable by lasers directly.42 2D materials as compared to Conventional NLO 

crystals provide a more efficient way to provide tuneable waveguides due to phase 

matching and small scale.44,48 For example, a WSe2 monolayer based nonlinear plasmonic 

modulator is integrated on top of a lithographically defined metallic waveguide. The 

strong interaction between the surface plasmon polaritons (SPPs) and excitons in WSe2 

are reported to show 73 % change in transmission through the device. The nonlinear 

plasmonic modulator and waveguide mechanism showed an ultrafast response time of 

290 fs.49 Techniques such as thickness modulation, strain engineering, lattice variation, 

etc can be used to optimize the performance of 2D materials based optical modulators 

and tuneable waveguides. 

7.2.3.2 Optical switches 

All-optical switches are other interesting optical devices which are basic structures for 

optical logic gates and modulators.50 An optical switch is a device that selectively 

switches optical signals on or off or from one channel to another, therefore, it provides a 

practical pathway for focusing and guiding light leading to next-generation power-

efficient optical networks as controlling light with light is the key to fast optical 
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processing. A demonstration is conducted to explore the photoactive properties of MoS2 

to find its suitability for fast response optical switching which shows 2D materials as 

efficient options for next generation optical switches.44 Optical nonlinearity phenomena 

are expected to demonstrate efficient ways of photonic switching for 2D materials as well. 

Graphene, with an efficient THG conversion efficiency, is used to design a highly 

efficient and low power frequency-selective all-optical switch in terahertz range using 

Graphene.50 Apart from that, MXene, a graphene like material, is successfully fabricated 

for a novel all optical switcher. Through modulation of the pump light, the “ON” and 

“OFF” modes in the all optical switcher/modulator are designed to be achieved.45 

Our results show SHG tuning behaviour based on strain engineering, folding and thermal 

modulation allows us to optimize the range, sensitivity and efficiency of the photonic 

devices. 

7.2.4 Generation of terahertz radiation 

There is a high demand of efficient function materials capable of supporting very high 

frequencies (i.e terahertz range ~10-12 Hz) for applications in modern ultrahigh-speed 

electronic. In addition, terahertz radiation has numerous applications in biomedical 

imaging, remote sensing, security and spectroscopy.51,52 Traditional sources show lack of 

support for efficient THz technology at room temperature causing a limit to its practical 

applications. However, several theoretical proposals have shown efficient THz frequency 

generation in ultra-thin graphene at room-temperature using optical harmonic 

generation.53,54 As Optical harmonic generation allows the conversion of optical or 

electronic signals into signals with much higher frequency, optical harmonic generation 

in graphene is predicted to be particularly efficient at the technologically important 

terahertz frequencies due to the unique electronic band structure of graphene.53,54 The 
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generation of terahertz harmonics up to the seventh order in single-layer graphene at room 

temperature was shown by Hafez et al.51 with field conversion efficiencies in excess of 

10 3, 10 4 and 10 5 forthe third, fifth and seventh terahertz harmonics, respectively. These 

conversion efficiencies are remarkably high, given that the electromagnetic interaction 

occurs in a single atomic layer. In another study, the generation of coherent 0.1 to 4 THz 

via second-order nonlinear effect was experimentally demonstrated in graphene due to 

photon drag effect via femtosecond pulse excitation.55 Various researches are reported on 

waves modulation in THz regime using Nonlinear optics in Graphene.56,57 As THz relies 

on photon-drag effect, gating voltage modulated THz is experimentally achieved at room 

temperature.58Furthermore, an enhancement (~ three orders of magnitude) in THz 

generation is shown by Raeis-Zadeh et al.59 using Plasmon drag effect. TMDs are 

predicted to display low absorption over broadband THz frequencies. Even though, there 

is a lack of experimental evidence on THz generation using optical HG in TMDs. 

Researchers reported MoS2 coated metamaterials to modulate THz rays.60 THz radiation 

is expected to be obtained in a large number of monolayers and few-layers leading to 

extend applications of 2D materials.61 Tellurene, recently, is shown as a broad range 

multifunctional material for mid infrared range (150THz-500THz)62 which needs to be 

explored further. Jinhui Shi et. al. reviewed 2D materials based emerging THz devices 

and highlighted nonlinear characteristics of 2D materials for THz regime.63,64  

Our results show strain engineering, folding and thermal modulation based SHG tuning 

behaviour which allows us to optimize the efficiency of THz generation. Efficient THz 

generation need more 2D materials to be explored displaying strong nonlinear properties 

at THz ranges for efficient device making.  
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APPENDIX A1: METHODS SECTION FOR CHAPTER 3 

Sample Fabrication. WS2 flakes were exfoliated onto buckled elastomeric substrate (Gel-

Film® WF 6.0mil ×4 films) using scotch tape. Subsequently, the Gel film is suddenly 

released, generating well-aligned folds and wrinkles in WS2 layers due to the application 

of compressive forces because of the sudden release. Sudden release of the pre-stress 

films was found to give a higher yield of folds and wrinkles in WS2 layers. Strained WS2 

sample was transferred onto Au/SiO2/Si electrode substrates followed by adhesively 

bonding an iron pad using copper tape to connect with AFM for further characterizations. 

AFM, PSI and Raman spectroscopy were used to detect the layer numbers. 

Surface Potential Measurements. Surface potential measurements were done using 

AFM (Asylum Research, Cypheras) after carrying out the procedures described in the 

Sample Fabrication section. Pt/Ir coated Si tip (nanosensor PPP-EFM) with a calibrated 

spring constant ~ 1.9 N/m and radius of 28 ± 10 nm was used to conduct KFPM 

measurement. The tip was scan above ~ 10 nm higher than the surface in the noncontact 

mode with a drive frequency of 70 kHz and 1 V AC voltage. The SP mapping images by 

KPFM (scan size: 3 m 3μm) were obtained, where the temperature was maintained at 

room temperature. 

Dark and Photo-current Scanning. The Current and Photocurrent measurements were 

conducted on AFM in ambient conditions using Pt. tip, as illustrated in Figure 3a. Contact 

mode was used during the current scanning AFM. Topographic and Current images were 

obtained simultaneously so that topography and local currents can be compared directly. 

Most images were 512×512 pixels. For photo-current measurements, the illumination 

source was 532 nm laser. During certain measurements, neutral density filters were used 
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to modulate the laser intensity. AFM images were analysed and plotted using the 

Gwyddion software package. 
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APPENDIX A2: METHODS SECTION FOR CHAPTER 4 

Buckled Sample Fabrication. (i) WS2 flakes are first exfoliated onto pre-buckled Gel-

Film using scotch tape. (ii) Subsequently, the Gel film is released causing compressive 

forces on exfoliated WS2 flakes generating well-aligned wrinkles perpendicular to the 

direction of the compressive forces; seem to cross the different layered samples. (iii-iv) 

The wrinkles fall down to form trilayer folds in 1-3L WS2 whereas higher layered 

numbers (such as 5L) maintain their wrinkles’ like curvature1 (Figure 4.1a). Strained 

WS2 samples are transferred on a Si/SiO2/ substrate.2 

Experimental SHG setup. We perform SHG measurements on Zeiss 780 Confocal 

Microscopy. The fundamental laser field is provided tunable pulse laser Ti:sapphire laser 

with a pulse width of 150 fs and a repetition rate of 80 MHz. A 50× confocal objective 

lens (NA = 0.85) is used to excite the sample. SHG measurements are taken on 

fundamental laser wavelength 900nm. The reflected SH signal is collected by the same 

objective, separated by a beam splitter and filtered by suitable optical filters to block the 

reflected fundamental radiation. The SH character of the detected radiation is verified by 

its wavelength and quadratic power dependence on the pump intensity. Laser with 

tunability range (800nm-1040nm) is used for wavelength dependent SHG. For 

polarization resolved SHG, an analyzer (polarizer) is used to select the polarization 

component of the SH radiation parallel to the polarization of the pump beam. The sample 

is rotated by a rotational stage to obtain the orientation dependence of the SH response.  

Simulations. In the present work, the plane-wave method in the framework of DFT using 

Abinit code is employed.  Local density approximation is used for the exchange-

correlation effect, and the energy cutoff of 52 Ry is chosen for the electron wave function 
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expansion. A vacuum layer thicker of more than 10 Å is included to avoid interaction 

between periodic layers. The k-point sampling is 24×24×1 for the prime cell of 5L WS2.  

References for Annexure A1-A4 

(1)  Castellanos-Gomez, A.; Roldán, R.; Cappelluti, E.; Buscema, M.; Guinea, F.; Van Der 
Zant, H. S. J.; Steele, G. A. Local Strain Engineering in Atomically Thin MoS2. Nano Lett. 2013, 
23 (11), 534. 
(2)  Xu, R.; Yang, J.; Zhu, Y.; Yan, H.; Pei, J.; Myint, Y. W.; Zhang, S.; Lu, Y. Layer-
Dependent Surface Potential of Phosphorene and Anisotropic/Layer-Dependent Charge Transfer in 
Phosphorene-Gold Hybrid Systems. Nanoscale 2016, 8, 129–135. 
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APPENDIX A3: METHODS SECTION FOR CHAPTER 5 

Experimental SHG setup. The SHG measurements are performed on Zeiss 780 

Confocal Microscopy with repetition rate ~ 80 MHz and 150 fs pulse width (Ti:sapphire) 

tuneable pulse. SHG measurements are taken at 900nm laser excitation. The reflected SH 

signal is collected by the same objective, separated by a beam splitter and filtered by 

suitable optical filters to block the reflected fundamental radiation. The SH character of 

the detected radiation is verified by its wavelength and quadratic power dependence on 

the pump intensity. For temperature dependent measurements, the sample is placed into 

a Linkam THMS 600 chamber.  A temperature controller equipped with a heating source 

(thermos-couples) and cooling source (liquid nitrogen) is used to control the temperature 

of the sample.  
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APPENDIX A4: METHODS SECTION FOR CHAPTER 6 

Material growth. h-BN flakes were mechanically exfoliated onto a thermally grown 285 

nm thick SiO2 layer deposited over silicon substrate. Before physical vapor deposition 

(PVD), optical microscope was used to characterize the topological information. The 

pentacene (purchased from Chem Supply: P0030-1G) was then deposited over the h-BN 

flakes, kept cantered in a vacuum tube in the furnace. h-BN sheet on SiO2/Si substrate 

was placed around 15 cm downstream and a molecular pump was used to evacuate the 

quartz tube to ~10-4 mbar. The furnace was heated up to 135-185°C for various time 

intervals to grow PEN wires. (See S.I. Note 1).  Then, the whole system was naturally 

cooled down to room temperature under vacuum. All the samples were characterized, and 

layer thickness were identified using the standard AFM measurements, which were 

collected in ambient atmosphere at room temperature with a Bruker Multi-Mode III AFM. 

For the MOS structure, used for back gate-dependent PL measurements, we transferred 

the 100 nm thick gold electrode to contact part of the 1D PEN nanowire as the probing 

pad. The voltage was supplied using a Kiethly 4200 semiconductor analyser.  

Optical Characterization. PL measurements at room temperature and 77 K were 

conducted using a Horiba LabRAM system equipped with a confocal microscope, a 

charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state 

(DPSS) laser as the excitation source. The laser excitation spot was 0.5 μm in size 

calibrated using pinhole and confirmed using direct CCD imaging technique. The laser 

power excitation density was 525.5 W/cm2 unless otherwise specified.  The laser beam 

was gaussian in nature and was focused on the middle cross-section of the wire for all 

measurements. For temperature-dependent (above 77 K) measurements, the sample was 

placed into a microscope-compatible chamber with a low temperature controller (using 
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liquid nitrogen as the coolant). In the experiment, the incident polarization angle was 

controlled by an angle-variable half-wave plate and was fixed, and the polarization angle 

of the emission ( ) was determined by using an angle-variable polarizer located in front 

of the detector. Time resolved PL measurements were conducted in a setup which 

incorporates -PL spectroscopy and a time-correlated single photon counting (TCSPC) 

system. A linearly polarized pulse laser (frequency doubled to 522 nm, with 300 fs pulse 

width and 20.8 MHz repetition rate) was directed to a high numerical aperture (NA= 0.7) 

objective (Nikon S Plan 603). PL signal was collected by a grating spectrometer, thereby 

either recording the PL spectrum through a charge coupled device (CCD; Princeton 

Instruments, PIXIS) or detecting the PL intensity decay by a Si single-photon avalanche 

diode (SPAD) and the TCSPC (PicoHarp 300) system. 
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APPENDIX A5: SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

A5.1. Strained Sample Fabrication 

Strained WS2 flakes by exfoliating WS2 nano-layers are fabricated onto buckled elastomeric 

substrate (Gel-Film® WF 6.0mil ×4 films) using scotch tape. Gel-Film® is Polyester based 

commercially available elastomeric film. Subsequently, the Gel film is released to generate 

compressive forces on WS2 nano-layers as sudden release causes compression force generating 

well-aligned folds and wrinkles in WS2 layers. It is found that sudden release of the pre-stress 

films gives a higher yield of folds and wrinkle nanostructures within WS2 flakes. The 

mechanism behind the formation of these folds and wrinkles is buckling-induced delamination. 

Such strained WS2 samples were then transferred onto Si/SiO2/Gold electrode substrates for 

further characterization.  

A5.2. Layer number identification of WS2 on Si/SiO2 substrate. 

 

Figure A5.1 | Layer number identification of WS2 on Si/SiO2 substrate.  
(a) PSI (Phase Shifting Interferometer) image of WS2 flakes showing 1L, 2L and 3L. (b) PSI-measured optical 
path length (OPL) values showing layer number for 1-3L WS2 along the white dashed line in (b) using the methods 
described in1,2,3  
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A5.3. Fold formation in 1-3L WS2 

This section describes the fold formation in 1-3L WS2. Investigating the strained WS2 sample, 

it is observed that the edges before and after big wrinkles (perpendicular to the direction of 

compressive forces) are not collinear (Figure A5.2a), instead are displaced by few tens of 

nanometres which showed the wrinkle to fold transition in ultra-thin WS2.  

 

Figure A5.2 | Fold formation in 1-3L WS2.  
(a) AFM topography image of a strained WS2. The white dashed lines indicate that the edges before and after the 
fold are not collinear, thus, showing the collapse of the wrinkles during the buckling-induced delamination 
process. (b) Analysis of the strain required for fold formation, h,  and  are thickness, width and height of WS2 

sheet. (c) Layer dependent folding strain ( f) calculation for 1-6L. Wrinkles maintain their curvature before f (%) 
and become fold after f (%) 

We found that big wrinkles cannot maintain their wrinkles’ curvature and tend to collapse 

forming folds,4 and therefore, their height is found to be much smaller than tiny wrinkles. The 

total height measured on 1L, 2L and 3L samples match the height of 3L, 6L and 9L.  We found 
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tiny wrinkles’ (formed parallel to the direction of compressive forces) height is greater than 

folds height, showing that they maintain their wrinkles’ shape. The minimum strain required to 

start the wrinkling process is called the critical strain for wrinkling5 The wrinkles height and density 

of wrinkles increases as the applied strain increases.6–8 Eventually, after a strain level ( f), wrinkles 

cannot maintain its curvature and collapse. The opposite layers of wrinkles join each other to form 

folds. The folding process is dominant in small layer numbers which is greater in 1L than the 2L 

and 3L (1L > 2L > 3L) due to smaller value of elastic modulus in 1L as compared to 2L and 3L. 

As the layer number increases, critical strain for folding ( f) increases and fold formation becomes 

almost absent in higher number layers (5L and higher) due to high bending rigidity 9,10. Here, we 

present the theoretical framework that we employ to find the layer dependent effect on the strain 

required for folding for WS2. 

The maximum uniaxial strain  is accumulated on top of the winkles and can be estimated as 9 

        ~     (1) 

where  is the Poisson’s ratio (  =2.2 for WS211), h is the thickness of the flake, and  and  

are the height and width of the wrinkle which were measured using atomic force microscopy 

(AFM). Yuri et. al.5 approximated the critical strain required for wrinkle to fold transition in 

thin films as; 

      f ~ (            (2) 

where h is the thickness of the flake, Ef is the elastic modulus of the film (WS2) and Es is the 

elastic modulus of the substrate (Gel film). For Ef (WS2), we use the relation as under; 
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Elastic Modulus = E2D/h 12 , where E2D is 149 N/m13 for 1L WS2 and h=0.7nm for 1L give us 

Ef (WS2) = 198.6 GPa, As Gel-film is a polyester based elastomer material and Es = 0.92 GPa.14 

L is the sample length to define the boundary of the region where folding is expected. In order 

to compare the folding strain among layer numbers, we calculate f by taking L as the length 

of unit wrinkle along the direction of the force or average width of a wrinkle (500nm).  Figure 

A5.3 shows layer dependent folding strain ( f) calculation for 1-6L. Wrinkles maintain their 

curvature before f (%) and become fold after f (%). Taking an average 1L tiny wrinkle size with 

150 nm width, 7 nm height gives us an approximated 0.05% which is below than 0.63% which 

is calculated critical folding strain for 1L. As layer number increases, folding strain increases 

linearly (Figure A5.3), therefore, we experience wrinkle to fold transition dominant in few 

layer numbers whereas higher layer numbers maintain their wrinkle like curvature.4 10  

A5.4. Layer dependent surface potential in 1-3L WS2 

 

Figure A5.3. Histograms of the surface potential values collected at the 1-3L flat and folded regions 
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A5.5. Dependence of photocurrent on bias voltage in strained WS2 

 

Figure A5.4 | Dependence of photocurrent on bias voltage in 1L WS2.  
(a) Topographical image of the sample using atomic force microscopy showing flat, fold and wrinkle regions. (b)-
(d) PCAFM based photocurrent maps of the sample in (a) at forward bias voltages of (b) 4 V, (c) 7 V, and (d) 10 
V, scale bars in figure b-d represent 1 m. 

 

A5.6. Time-dependent photocurrent characteristics 
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Figure A5.5. Time-dependent photocurrent characteristics obtained under bias of 4 V with periodically 
switching on/off incident laser. 
A5.7. Dependence of surface potential on laser power 

 

Figure A5.6 | Dependence of surface potential on laser power.  
The surface potential mapping on both 1L and3L flat and wrinkled regions under different incident laser power.  
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APPENDIX A6: SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

A6.1. Strained samples fabrication 

 

 

 

 

Figure A6.1 | Description of strained samples fabrication.  
(a) Bifold formation in 1-3L. (b) Wrinkle formation in >3L respectively. 

WS2 flakes are first exfoliated onto pre-buckled Gel-Film using scotch tape. Subsequently, the 

Gel film is released causing compressive forces on exfoliated WS2 flakes generating well-

aligned wrinkles perpendicular to the direction of the compressive forces; seem to cross the 

different layered samples. The wrinkles fall down to form bifolds in 1-3L WS2 whereas higher 

layered numbers (such as 5L) maintain their wrinkles’ like curvature.1 (Figure A6.1a) An 

isometric view of folds (1-3L) and wrinkles (>3L) is shown in Figure A6.1. Strained WS2 

samples are transferred on a Si/SiO2/ substrate.2 

  

bifold wrinkle 
1-3L 5L 
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A6.2. Power dependence on SHG intensity  

 

Figure A6.2 | Power dependence on SHG intensity  
(a) Power dependent SHG intensity at 900nm pump laser in a logarithmic scale of folded/wrinkled and flat regions 
of 1L. (b) 3L. (c) 5L.  The measured SHG intensity is shown as points and the dashed lines are the linear fits of 
the data.  
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A6.3. Layer dependent height of Folds/Wrinkles  

 

 

Figure A6.3 | Layer dependent height of Folds (1-3L) and Wrinkles (5-6L) 

The height differences measured on wrinkle like protuberances in 1-3L buckled WS2 are found 

to be 1.4 ± 0.5, 2.8 ± 0.5 and 4.2 ± 1 nm, respectively using Atomic Force Microscopy (AFM) 

measurements (Figure A6. 2). These values match the height of 2L, 4L and 6L samples very 

well as the thickness of single layer is evaluated around 0.7 nm3, which agrees well with the 

reported value. Therefore, wrinkles like protuberances in 1-3L can be regarded as the trilayer 

folds. In a previous study on strain engineering, the formation of folds is also observed in 

ultrathin MoS2 due to collapse of wrinkles which are attributed to reduced elastic modulus of 

ultrathin layers.1,4  AFM investigations of wrinkles in 4-6L WS2 show a rapid increase in the 

height (~40-75nm) which shows that >3L wrinkles in WS2 maintain their curvature. 

 



Appendices 

 

156   Ahmed Raza Khan – 2020 

 

A6.4. Folding angle determination 

 

Figure A6.4 | Folding angle determination.  

Folding angle ( f) is the angle between AC (armchair) direction and fold as shown in Figure 

A6.4. During parallel polarization SHG, maximum SHG signal is along AC direction.5,6 
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A6.5. Strain estimation on wrinkle nanostructures 

 

  

 

 

 

 

 
Figure A6.5 | Strain estimation on wrinkle. 

Maximum strain on the wrinkle is produced at the top of the wrinkles and it can be estimated 

as under;1 

 ~                        (2) 

where  is the Poisson’s ratio, h is the thickness of the flake, and  and  are the height and 

width of the wrinkle which were measured using atomic force microscopy (AFM). For P1 point 

of the wrinkle  = 340nm, h = 3.5nm for 5L,  = 0.22 for WS27, strain is calculated 

~ -1.88%. Negative sign is used due to compressive strain.  
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A6.6. Strain angle determination   

 
 
Figure A6.6 | Strain angle determination.  

Strain angle ( o) is the angle between strain direction (red arrow) and AC (armchair) direction. 

Parallel SHG polar plot is used to find the AC direction (black arrow). The compressive strain 

direction (red arrow) is perpendicular to the wrinkles. Thus, strain angle ( o) is calculated ~ 

80o. 
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A6.7. Wavelength dependent SHG of 3L fold 

 

 
Figure A6.7 | Wavelength dependent SHG of 3L fold 
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APPENDIX A7: SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

A7.1. Layer number identification of 1-8L MoSe2 

 

 

 

 

 

Figure A7.1 | Layer number identification of 1-8L MoSe2 sample using Phase Shifting Interferometry.  
(a) PSI mapping of 1-8L MoSe2 sample. (b) PSI-measured optical thickness values showing layer number for 
MoSe2 sample along the black dashed line in (b) using the methods described in 1,2,3 

 

A7.2. Temperature dependent SHG of few layers WS2 

 

Figure A7.2 | Temperature Dependent SHG Mapping of 1-3L WS2 at (a) 30oC. (b) -40oC.  (c) -120oC.  
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APPENDIX A8: SUPPLEMENTARY INFORMATION FOR CHAPTER 6 

 

 

 

 

 

 

Figure A8.1 | Schematic diagram of the furnace used for growth of 1D pentacene (PEN) wires.   
 

A8.1. Supplementary Information Note 1  

1D Pentacene wires were realized on exfoliated h BN over a Si/SiO2 substrate by thermal 

evaporation of Pentacene source. The Figure A8.1 depicts the schematic experimental setup 

for physical vapor deposition (PVD) of 1D Pentacene. First, we used mechanically exfoliated 

few-layer hBN sheet on 285nm-thick SiO2 on Si (SiO2/Si) as the growth substrate without 

further annealing. Before growth, the hBN sheets were topographically examined using an 

optical microscope. The epitaxial growth of pentacene was carried out in a tube furnace. We 

put the pentacene powder at the centre of the furnace and the hBN sheets a few inches 

downstream and used a turbo molecular pump to evacuate the quartz tube to ~10-4 MPa. We 

then heated up the furnace to 135-180°C to grow pentacene wires. The length of the wires was 

controlled by the source temperature, the substrate position and growth time. When the growth 

was finished, we turned off the furnace and let the sample cool down to room temperature 

under vacuum. 
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We used 135-180oC temperature range in the growth process. We obtained pentacene wires 

growth on hBN which grew bigger to achieve the maximum average length around 15 microns 

at 155oC. The average length followed a reduction in value at higher temperature after 155 oC.  

(Figure A8.3). In order to find out the most optimized growth time, we used 1 hr, 3hr, 4 hr and 

24 hr growth time. 3 hrs growths were found to be the growth with highest yield including large 

sized pentacene wires. (Figure A8.3).  

Figure A8.2 | Measured Raman spectrum from a 1D PEN wire sample grown on a h-BN flake.  
Peaks at 1150 cm-1 and 1172 cm-1 are for pentacene and peak at 1390 cm-1 is for h-BN. 
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Figure A8.3 | Growth optimization of PEN wires.  
(a) Length of PEN wires as a function of growth temperature in the furnace. The maximum length of the wires 
was obtained at 155 0C. The error bars demonstrate the experimental deviation as obtained after several 
optimization runs. (b) The length of PEN wires as a function of growth time in the PVD furnace. The longest 
wires with clear morphology were obtained at 3-hour growth mark.   
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Figure A8.4 | Comparison between wires and needles  
(a) SEM and optical (b) images of PEN needle like structures grown under same growth conditions as discussed 
in Figure A8.S1. The PEN needles on SiO2 grow out of nucleation sites and diverge into needle-like structures as 
shown in Figure A8.2b. Whereas, on hBN the PEN wires follows higher degree of orientation and crystallinity 
and converge to form tube like wire structures (See Figure A8.1c). hBN serves as a stencil to help ordered growth 
of PEN H-bonded molecular chains in to wire like cylindrical quasi 1D structures. (c) PL spectra comparison from 
PEN wires grown on hBN as compared to the PEN needles grown on SiO2. The PL emission from PEN wires is 
much stronger and vibronic levels are well resolved as compared to the needles on SiO2.  
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Figure A8.5 | Temperature dependent PL spectra from PEN wires.  
PL emission spectra at various temperatures showing the clear resolvable vibronic levels as the temperature is 
reduced and the emergence of quasi-line Shpol’ skii spectra t 77 K. The quasi line spectra start to emerge at 213 
K and are fully resolvable as the temperature is further reduced.  
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Figure A8.6 | Narrow line width emission.  
PL emission from some of the optimal grown PEN wires, where the FWHM  1nm. Lorentzian fitting function 
has been used to fit the PL peaks.  

 

 

 

 

 

 

 

Figure A8.7 | PL emission from thin film PEN.  
PL emission peak from thin film bulk crystalline PEN samples grown on hBN at room temperature and 77 K. The 
average thickness of the films around 70-100 nm.  
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Figure A8.8 | Measured PL spectra from a 1D PEN wire sample at 77 K, fitted using a Lorentzian function 
to extract the IZPL and IPSB necessary to determine the DW factor as shown in Figure 6.2e. 

 

 

 

 

 

 

 

Figure A8.9 | FWHM vs temperature.  
Variation of FWHM of peak = 660 nm and peak = 730 nm as a function of temperature.  The variation of peak = 
600 nm is shown in Figure 6.2e.  
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Figure A8.10 | Pumping power dependent PL measurement.  
Variation of the 600 nm peak at 77 K with increasing pumping power. The sub-linear slope confirms that it is not 
lasing at this stage.  

 

 

 

 

 
 
 
Figure A8. 11 | SEM image of PEN needle like structures grown under same growth conditions as discussed 
in Chapter 6.  
The cross section clearly shows 100 face of the PEN wires.  
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Figure A8.12 Excitation polarization angle-dependent PL measurements.  
Measured PL intensity as a function of excitation polarization angle  from PEN wire samples at 77 K, revealing 
the anisotropic excitonic nature of emission from the PEN wires. In experiment, the excitation polarization angle 
was determined by using an angle-variable half-wave plate polarizer in the excitation laser path.  
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Figure A8.13 Polarization angle-dependent PL measurements.   
Measured polar plot of PL emission spectra peaks (6-14) as a function of emission polarization angle  from PEN 
wires at 77 K revealing the opposite anisotropic excitonic nature of PL emission peaks. For polar plots of peaks 
1-5, refer to Figure 6.3. 
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Figure A8.14 Debye-Waller factor as a function of back gate voltage.  

The DW factor shows a clear modulation with change in back gate voltage which can be 

attributed to the change of doping levels with change in back gate voltage affecting the PL 

emission efficiency at different back gate voltages. This demonstrates the use of external 

voltage to control the quasi line spectra or zero-phonon line (ZPL) emissions from 1D PEN 

wires. The modulation in PL spectra with voltage is one of the fundamental characteristics of 

a semiconductor and has been used extensively to make functional transistors and devices from 

low dimensional materials. The application of electrostatic back gate voltage changes the 

doping concentration of charge carriers in the PEN wires and hence affects the recombination 

rate of excitons that combine radiatively to emit light. As shown in Figure 6.5d, at -90 V bias, 

the doping of the negative charges is maximum and much higher than the concentration of 

holes, which affects the recombination of excitons and hence the PL is suppressed. The 

opposite happens when the voltage is at +90V bias. The doping of negative charge carriers is 
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suppressed and almost equal to the holes and hence results in higher recombination of excitons 

emitting more photons and a higher PL intensity 

The DW factor is higher at negative bias and decreases as the bias reaches positive value. It can 

be attributed to the varying phonon excitonic coupling at various back gate voltages. As shown 

from temperature dependence of DW factor, lower phononic coupling leads to higher value of 

DW factor and vice-versa (See Figure 6.2e and associated text). Similarly, at negative back 

gate voltage bias the phononic coupling is minimal as shown from FWHM vs back gate voltage 

measurements in Figure A8.15. Lower FWHM value establishes that at negative bias the 

phononic interaction is minimum with the excitons and hence a higher value of DW factor. On 

the other hand, as shown in Figure 6.5, the PL intensity is maximum at positive bias due to 

doping concentration in the PEN wires is close to neutral at that bias. 

 

 

 

 

 

 

 
Figure A8.15 Full width half maximum of exciton resonance peak at 600 nm as a function of back gate 
voltage.  
The lower FWHM value at negative bias shows minimal phononic coupling with excitons and hence a higher DW 
factor value is observed at negative bias of the back-gate voltage.    
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Table A8.1: Full-width half maximum (FWHM) from other nanowire and Shpol skii matrix solutions 
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Table A8.2 | Peak positions at 77 K. PL emission spectra 77 K was fitted using a Lorentzian function and 
the resultant 14 peak positions have been tabulated in table above.  
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