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I 

 

Abstract 

Mechanical deformation and electrical potentials are coupled in piezoelectric materials, and these materials 

therefore can be used in energy harvesting and self-powered systems. However, the performance of three 

dimensional piezoelectric materials drops below a critical thickness due to cancellation of intrinsic 

piezoelectric effect by the effect of interfaces, limiting the suitablility of these materials for lightweight, 

ultrathin and highly flexible applications.  

Non-centrosymmetric 2D materials with atomic thickness such as odd-layer transition metal 

dichalcogenides (TMDCs), hexagonal boron nitride and group IV monochalcogenides, etc. have been 

theoretically predicted to have piezoelectricity. While some have been confirmed experimentally, achieving 

a high energy conversion ratio, large-scale synthesis with high quality and non-destructive transfer are still 

challenges for application.  

The thesis explores new methods for large-scale synthesis of monolayer TMDCs, optimization of transfer 

technology and documents the testing of piezoelectric effects in flexible TMDCs device. For exfoliation of 

large area samples, since PVA has a strong interaction with TMDCs, I show that PVA foil lamination can 

be used to isolate monolayer TMDCs with 200-1000 µm2 and high room-temperature mobility and off/on 

ratios in air. Second, Ni was added as a catalyst to improve monolayer MoS2 synthesis in interfacial limited 

growth thanks to edge modification of Ni-Mo-S. The grain size and coverage ratio of MoS2 was increased 

and CrS2 was synthesized successfully, and is predicted to have high piezoelectric coefficient and stiffness.  

A new set of techniques adapted from the 2D materials tool kit was developed for handling the transfer of 

thin transition metal oxide membranes, enabling millimeter-scale few nm thick transition metal oxide 

membrane transfer onto arbitrary substrates, and twisting of stacked oxides with a controlled angle was 

demonstrated for the first time. In addition, new techniques for making metal contacts that can be transferred 

by wedging, support a simple route for fabricating flexible devices. Finally, a custom-made piezoelectric 

characterization system was built, where noise and spurious signals originating from the substrate, circuit 

and electrometer were analyzed and reduced or eliminated. The piezoelectric effect of flexible device based 

on Au-exfoliated MoS2 was measured but no unambiguous piezoelectric response was observed. The reason 

might be roughness of the substrate, low quality of MoS2 and contamination from the transfer process.  
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Resumé 

Mekanisk deformation og elektriske potentialer er tæt forbundne i piezoelektriske materialer, og disse 

materialer kan derfor bruges i energy harvesting og self-powered elektroniske sensorer og systemer. Tre-

dimensionelle piezoelektriske tyndfilm taber imidlertid deres egenskaber under en vis kritisk filmtykkelse, 

idet den intrinsiske piezeoelektriske effekt nedsættes på grund af grænseflade-effekter. Dette begrænser 

egnetheden af materialerne til de lette, ultratynde og mekanisk fleksible applikationer, der netop er mest 

relevante.  

Ikke-centrosymmetriske, atomart tynde lagdelte (2D) materialer, såsom overgangsmetal-dichalcogenider 

(TMDC'er) med et ulige antal lag, hexagonal bornitrid og gruppe IV monochalcogenider er teoretisk 

forudsagt til at have piezoelektriske egenskaber. Hvor dette for nogle af disse materialer er blevet 

påvist  eksperimentelt, er der stadig en del udfordringer såsom udvikling af skalerbar, høj-kvalitets syntese 

og integration af 2D materialer samt effektiv energi-omdannelse.  

Afhandlingen udforsker nye metoder til storskala syntese af monolag TMDC'er, optimering af integration 

processer med polyvinyl alkohol (PVA) transfer, og dokumenterer test af piezoelektriske effekt i fleksible 

TMDC'er. Jeg viser at PVA-folielaminering kan bruges til at isolere TMDC’er med arealer op til 1000 µm2, 

høj ladningsbærer mobilitet og on/off ratio ved stuetemperatur. I forbindelse med dyrkning af monolag 

MoS2 krystaller, blev Ni tilføjet som katalysator, hvilket forbedrede kvalitet og dækningsgrad. Derudover 

blev CrS2 syntetiseret, hvilket forventes at give gode piezoelektriske og mekaniske egenskaber.  

Et nyt sæt teknikker tilpasset fra 2D-materialeværktøjssættet blev udviklet til håndtering af overførsel af 

tynde overgangsmetaloxidmembraner, hvilket muliggør overførsel af få nm tyk 

overgangsmetaloxidmembran på millimeterskala til vilkårlige substrater og vridning af stablede oxider med 

en kontrolleret vinkel blev demonstreret for første gang. Derudover blev en ny metode til overførsel af præ-

fabrikerede metalkontakter ved wedge-transfer vist. Endeligt blev der fremstillet et dedikeret 

karakteriseringssystem til piezoelektriske materialer, hvor støj og fejlsignaler fra substratet, kredsløbet og 

elektrometeret, blev analyseret, og reduceret/elimineret. Den piezoelektriske effekt af fleksible devices 

baseret på Au-eksfolieret MoS2 blev målt, uden noget entydigt result, hvilket tilskrives ruhed af substratet, 

lav kvalitet af MoS2 og urenheder fra overførselsprocessen. 
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1. Introduction 

1.1 Motivation  

In the future, renewable electricity should occupy the majority of global energy supply. The European 

Commission has recently proposed a  greatly increased target for renewable electricity of 65% by 2030 

from 32% today1. The Chinese government has also announced a planned ratio target of renewable power 

of at least 60% in 20502. Challenges in power system are being addressed by the development of renewable 

electricity including power waste in transmission and distribution, unstable renewable power supply 

dependent on weather conditions, power storage demand in uneven supply and consumption conditions, 

etc. Self-powered systems are one of the new development directions. Such systems can maintain their own 

operation by collecting energy in their immediate working environment without an external energy supply3. 

Many possible power sources ready for harvesting exist in the environment we live in such as radio-

frequency, optical, mechanical, thermal, chemical, and biological modalities and so on, which are being or 

will be collected to form self-powered system3–10.   

The piezoelectric effect is one potential way of harvesting mechanical energy to produce with electrical 

energy. Piezoelectric phenomenon were discovered by Pierre and Jacques Curie in 188011. From insulators 

like quartz, inorganic perovskite ceramic crystals and organic polymers, to semiconductors like zinc oxide, 

gallium nitride and silicon carbide, applications of piezoelectric effect continue to advance with the 

development of materials science12–15. These materials find practical application in wide fields such as 

sensors, transducers, actuators and igniters, etc11,16–18. With the demand increasing for wireless sensing 

devices – particularly for biomedical applications - and nano low-power electronics, there is a high market 

demand for thin, flexible, lightweight and transparent energy devices.  

However, three-dimensional (3D) piezoelectric materials including epitaxial perovskites, HfO2-based 

ferroelectrics, and low-dimensional van der Waals (vdW) ferroelectrics display multiple detrimental scale 

effects as their thickness decreases. Such thin films lose their piezoelectric properties below a critical 

thickness such as a depolarizing electrostatic field caused by dipoles at the piezoelectric–metal interfaces, 

the extrinsic effects of interfacial strain, misfit dislocations, and surface reconstruction19–25. Besides, lead-

based piezoceramics (including PZT, PMN-PT, etc) that have dominated the piezoelectric market for more 

than half a century due to their excellent properties and considerations of cost, are being restricted due to 

environmental concerns. Figure 1.1 shows relative proportions of environmental profile from PZT ceramic. 

Except for the primary energy consumption (electrical and thermal energy) inducing the most of the 

environmental impact, lead-based materials is the most toxic. 

https://www.sciencedirect.com/topics/chemistry/perovskites
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Figure 1.1  Environmental profile of PZT ceramic showing relative proportions of each of the 13 impact 

categories, taken from [26]. 

 

Two dimensional (2D) materials have attracted the attention of researchers since graphene was first isolated 

from bulk graphite and its electrical properties were characterized via field effect measurements in 200427. 

2D materials are highly crystalline materials with single or few atomic layer thickness. The simplest method 

of isolating graphene flakes in the laboratory is by using scotch tape to break interlayer vdW force in 

graphite, and depositing the tape on an oxidized silicon wafer. This makes graphene visible by an 

interference-induced color shift versus the oxide background. Partly due to the simple means of producing 

and identifying the material, graphene has received huge attention in a wide range of fields28. The discovery 

of additional 2D materials including 2D conductors, semiconductor with different bandgap, and insulators 

has caused a second explosive increase in research. Heterostructures consisting of vdW bonded crystalline 

layers of 2D materials can be designed and assembled artificially without limitation of chemical bonding 

and lattice match between interfaces, and which reveal exciting physical phenomena29. As 3D materials 

thickness is reduced to a countable number of 2D layers, new effects can manifest. For example, with an 

odd layers, some of crystal material symmetries will be broken and structure will change to non-

centrosymmetric from centrosymmetric, such as for hexagonal boron nitride (hBN) and transition metal 

dichalcogenides (TMDCs). Piezoelectric properties appear due to absence of an inversion center, where the 
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inversion center is a point that the crystal remains the same after projecting each atom through it. Besides, 

theoretical predictions and experimental results demonstrated the outstanding mechanical strength and 

toughness of single layer 2D materials30–34. And 2D materials fit semiconductor device fabrication program 

including wafer process, lithography, metal deposition and so on. All these advantages make 2D materials 

an excellent candidate platform for integrated circuits in nanogenerators, wearable electronics, strain sensor 

and micro- and nanoelectromechanical systems35–38. Figure 1.2 shows the potential application of wearable 

energy sources and devices based on 2D materials. 

 

Figure 1.2. Schematic illustration of wearable energy sources and devices in near future, taken from [36]. 

 

Piezoelectricity of 2D materials was demonstrated experimentally in flexible MoS2 devices in 201439. 

Monolayer MoS2 devices of 50 µm2 area were shown to generate a peak output of 15 mV and 20 pA in 

0.53% strain, corresponding to a power density of 2 mW m−2 and a 5.08% mechanical-to-electrical energy 
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conversion efficiency39. The impact on the piezoelectric effect of edges, odd and even numbers of layers 

and crystal orientation were also studied39,40. Since then, the intrinsic piezoelectricity of WS2, MoSe2, WSe2, 

SnS2 and MoSSe monolayers have also been observed41–47. For all of these materials, there are strong 

perspectives for changing their piezoelectric behavior. Functional engineering, thanks to access to all of the 

atoms in the ‘bulk’ of the 2D crystal, through changes in defect density, doping, grain boundary density, 

and stacking other 2D materials48–51. However, because TMDC monolayer synthesis is different (refer to 

section 1.4), there are more theory research than experimental research. As a result, experimental studies 

on increasing the piezoelectric effect in other TMDCs is lacking, and requires developments in the process 

flow of TMDC soft device production.  

 

1.2 Transition Metal Dichalcogenides   

TMDCs are a group of 2D layered crystal with chemical formula MX2, where M is transition metal and X 

is a chalcogen such as sulfur, selenium and tellurium. 

1.2.1 Atomic structure 

The crystal structure of single layer TMDCs correspond to different phases including trigonal prismatic 

structure (1H phase or D3h) and octahedral structure (1T phase or D3d) as given in Figure 1.3(a-d). The 

phase observed is determined by the arrangement of the electrons in the transition metal atoms in the TMDC 

layer. In the case of MoS2, crystal mean field theory indicates that the crystal field of D3h symmetry splits 

the d-orbital of the Mo atom into three levels, two degenerate orbitals of dxy, dyz, two degenerated orbitals 

of dx2-y2, xy, and orbital of dz2 as shown in figure 1.3(a). Mo orbitals are investigated mainly since sulfur 

orbitals are located around 3eV away from Fermi level. There are two electrons in the d-orbitals of Mo, 

since the oxidation degree of Mo is +4 in MoS2. The two electrons fill completely dz2 orbitals with the 

lowest energy level so that 1H phase of MoS2 show semiconducting behavior. For 1T phase, d orbital of 

Mo splits to dx2−y2, z2 (eg) and dxy, yz, zx (t2g) orbitals. And these two electrons partially fill the three orbitals 

of dxy, yz, zx orbitals with lowest energy level so that 1T phase of MoS2 show metallic behavior52–55. Figure 

1.3(b-d) shows in-plane atomic structure, where 1H, distorted 1T and 1T′ phase of TMDC monolayer are 

non-centrosymmetric, 1T phase is centrosymmetric. The 1H phase of monolayer MoS2 is therefore of most 

interest for this study due to stability under ambient conditions, semiconducting, and piezoelectric 

properties.   
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Figure 1.3. (a) Schematic images of 1H and 1T lattice symmetries and energy levels of d-orbital electrons 

induced by the crystal field. Top and side structures of 1H (b), 1T (c) and distorted 1T or 1T′ (d). Blue 

spheres represent transition metals, and orange spheres denote chalcogen elements, taken from [56]. 

 

1.2.2 Electronic properties 

The TMDCs show a broad range of electronic properties due to their various chemical compositions and 

structural phases. Regarding band structure character, most of the H-phase TMDCs are semiconductors 

with various band gap sizes, except Nb- and Ta-based TMDC as shown in Figure 1.4. With decreasing 

thickness, bulk semiconductors with an indirect bandgap change into monolayer semiconductor with a 

larger and direct bandgap. Some have a high carrier mobility, and when combined with a large field effect 

induced on/off ratio, can be ideal candidates for electronic device applications, particularly high mobility 

transistors. The carrier mobility of TMDCs is influenced by the substrate and metal contacts as well as 

mobility suppression through scattering from crystal imperfections such as defects and grain boundaries57. 

Additionally, spin-valley coupling due to a lack of inversion symmetry give TMDCs potential applications 

for spin- and valleytronics58–60. Practically, the semiconducting properties of TMDCs preserve their 

piezoelectric behaviour despite the existence of moderate free charge carriers. And the interaction between 

moving free charge carriers and polarized electric field by strain at P-N or metal-semiconductor junctions 

provide new interesting avenues for research in piezotronics and piezophototronics11,61.  
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Figure 1.4. Band alignment of all the studied monolayer TMDCs. CBM and VBM are indicated by the 

green and orange columns respectively. The vacuum level is set to 0 eV, taken from [62].  

 

1.2.3 Stability 

According to figure 1.3 (a), the energy level of dz2 orbitals is lower than dxy, yz, zx (t2g) orbitals, and thus the 

1H phase is the more thermodynamically stable state56. Practically, TMDC monolayer in an ambient (humid 

air) environment is not chemically stable for long term. For example, figure 1.5 shows that MoS2 and WS2 

degrade faster in ambient conditions than they do in the presence of a desiccant in 1 year63. This report 

ascribes degradation as due to O and OH radicals in water that replace sulfur vacancies. Additionally, other 

researchers found that stress substrate induced and light can induce oxidation by water63–66. Beyond this, 

the stability of these materials at high temperatures in air is a considerable factor for applications under 

harsh environmental conditions67. MoS2, the most common TMDCs studied, is not stable at high 

temperatures. Monolayer MoS2 degrades rapidly within 2.5 weeks of ambient air exposure after 285°C 

heating for 2 hours due to oxidation in the edges and the basal plane64. The layer closed to the substrate is 

more stable due to a great thermal conductivity 64,68. Another factor for stability is the substrate. Monolayer 
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MoS2 has different stability on a mica surface, SiO2/Si and Al2O3 substrate because the stronger interaction 

with MoS2 and substrate passivate the defective sites in MoS2 and hinders the diffusion of oxygen molecules 

into the MoS2–substrate interface69. The structure of MoS2 under frequent strain over the long term becomes 

unstable, and shortens the device lifetime. Experiments show that uniaxial tension along the armchair 

direction makes MoS2 structure unstable easily70. In a word, TMDC materials are not stable in the long term 

when exposed to air and heat. Proper substrate and encapsulation strategies are therefore needed in order to 

improve device lifetimes.  

 

 

Figure 1.5. Scanning electron microscopy (SEM) images of (a) fresh WS2, aged WS2 after 1 year in a 

container (b) with and (c) without desiccant, (d) fresh MoS2, and (e) aged MoS2 after 6 months without 

desiccant and (f) after 1 year without desiccant. All the samples were stored in Class 100 cleanroom 

conditions, taken from [63]. 

 

1.2.4 Mechanical properties 

TMDC monolayers have desirable mechanical properties including flexibility and good strength. For 

example, experiments on free-standing MoS2 broken using an atomic force microscope shows that the in-

plane stiffness of monolayer MoS2 is 180 ± 60 N m–1, corresponding to an effective Young’s modulus of 

270 ± 100 GPa, which is comparable to that of steel. Breaking occurs at an effective strain between 6 and 

11% with the average breaking strength of 15 ± 3 N m–1 (23 GPa)71. The mechanical properties of MoS2 
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will be affected slightly when monolayer is transferred on flexible substrate for application. The 

experimental in-plane stiffness of monolayer MoS2 on PDMS substrate has been measured to be lower than 

that of freestanding MoS2 as shown in Figure 1.671,72. For 40 nm deformation of monolayer MoS2, around 

200 nN is needed in the case of a freestanding membrane – much higher than the force required for the 

same deformation for MoS2 on PDMS substrates of around 25 nN. Graphene on flexible substrates is known 

to slide and buckle at the interface under tension with a substrate due to the edge atoms of graphene having 

a high active energy73. For MoS2, shear sliding has been shown to occur in MoS2/PET devices when a strain 

of over 0.8% is applied39.  

 

Figure 1.6. Force–deformation curves of (a) freestanding monolayer MoS2 (black) and (b) monolayer 

MoS2/PDMS composite structure (red) cquired by nanoindentation test, taken from [71,72] 

 

1.3 Piezoelectric properties in 2D materials 

1.3.1 piezoelectric effect in 2D materials 

Noncentrosymmetric 2D crystals that are semiconducting or electrically insulating are good candidates for 

piezoelectric applications, such as single layer and odd layer numbers of certain phases of TMDCs. For 

example, 2D lattice of 1H-TMDC is shown in figure 1.7, where the spots with dark and light coloring 

indicate transition metal atoms and chalcogen atoms, respectively. Transition metal atoms and chalcogen 

atoms have positive and negative charges in the lattice due to electron movement from metal atom to 

chalcogen atom in an M-X bond. When no lattice strain occurs, the unit cell has no net dipole: the center 

of positive and negative charges coincides at the red dot indicated. 1H-TMDC shows no polarization in this 

case. Once 1H-TMDCs are strained by external compression or tension along particular axes, the center of 

positive and negative charges are separated as shown schematically, creating an electric dipole. As a result, 
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the two edges of the material become polarized by an accumulation of positive charges and negative charges 

(that are not cancelled out in the bulk by neighbouring unit cells). The piezoelectric effect is exactly this 

formation of electric polarization under applied strain74. Correspondingly, 1H TMDCs also display the 

converse piezoelectric effect, where the materials will respond with a mechanical strain under an applied 

external electric field.   

 

Figure 1.7. 2D crystal lattice under (a) no strain and (b) strain, adapted from [75]. 

 

1.3.2 Mathematical description 

The following description of the electromechanical properties of 2D piezoelectric materials is based on the 

linear theory of piezoelectricity. In the theory, the mechanical and electronic behavior of 2D materials has 

a linear profile at applied strain and electronic field. The relationship between side polarization and the 

strain tensor can be viewed as a first-order coupling as follows76,77: 

𝑃 = 𝑑 × 𝑇 = 𝑑 × 𝑐 × 𝑆 = 𝑒 × 𝑆                                                             (1) 

Where P is charge density produced by piezoelectric polarization, d and e is the piezoelectric strain 

coefficient, T is the stress and S is the strain, and c is the elastic constant relating the generated stress and 

the applied strain ( 𝑇 = 𝑐 × 𝑆 ).  

In actual practice, piezoelectricity is a cross coupling between the elastic variables, stress T and strain S, 

and the dielectric variables, electric charge density D and electric field E78. The intrinsic linear electrical 

behavior of an electrically insulating material in an electric field is described as: 

𝐷 = ɛ𝐸                                                                                  (2) 

Where D is electric displacement vector, ɛ is electric permittivity and E is the electric field.  
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According to Hooke’s law, relationship of elastic variables, stress and strain of the material in strain is 

described as: 

𝑆 = 𝑠𝑇                                                                                  (3) 

Where s is elastic compliance tensor at constant electric field and T is mechanical stress.  

According to the linear theory of piezoelectricity, these may be combined into the strain-charge form as76: 

𝐷 = 𝑑𝑇 + ɛ𝐸                                                                            (4) 

      𝑆 = 𝑠𝑇 + 𝑑′𝐸                                                                            (5) 

Where d is equal to d’ due to linear symmetry.   

 

In matrix form, these are written as: 

𝐷 = 𝑑𝑇 + ɛ𝑇𝐸                                                                            (6) 

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸                                                                           (7) 

Where dt is the matrix for the converse piezoelectric effect.  

In case of 2D materials, the strain-charge for 1H-TMDC of the D3h (6̅m2) point group, Eqs.(4) and (5) can 

be displayed in matrix form as follows79:  

[
𝐷1

𝐷2

𝐷3

] = [
0 0 0 0 0 −2𝑑22

−𝑑22 𝑑22 0 0 0 0
0 0 0 0 0 0

]

[
 
 
 
 
 
𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6]
 
 
 
 
 

+ [

ɛ11 0 0
0 ɛ22 0
0 0 ɛ33

] [
𝐸1

𝐸2

𝐸3

]                         (8) 

[
 
 
 
 
 
𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6]
 
 
 
 
 

=

[
 
 
 
 
 
 
𝑠11

𝐸 𝑠12
𝐸 𝑠13

𝐸 0 0 0

𝑠21
𝐸 𝑠22

𝐸 𝑠23
𝐸 0 0 0

𝑠31
𝐸 𝑠32

𝐸 𝑠33
𝐸 0 0 0

0 0 0 𝑠44
𝐸 0 0

0 0 0 0 𝑠55
𝐸 0

0 0 0 0 0 𝑠66
𝐸 ]

 
 
 
 
 
 

[
 
 
 
 
 
𝑇1

𝑇2

𝑇3

𝑇4

𝑇5

𝑇6]
 
 
 
 
 

+

[
 
 
 
 
 

0 −𝑑22 0
0 𝑑22 0
0 0 0
0 0 0
0 0 0

−2𝑑22 0 0]
 
 
 
 
 

[

𝐸1

𝐸2

𝐸3

]                      (9) 

where the equation (8) describes the relationship for the direct piezoelectric effect and the equation (9) for 

the converse piezoelectric effect. 

From equation (8), the 𝐷1, 𝐷2 and 𝐷3 can be calculated as follow: 
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𝐷1 = −2𝑑22 × 𝑇6 + ɛ11𝐸1                                                                (10) 

𝐷2 = −𝑑22𝑇1 + 𝑑22𝑇2 + ɛ22𝐸2 = 𝑑22(𝑇2 − 𝑇1) + ɛ22𝐸2                                   (11) 

𝐷3 = 0 + ɛ33𝐸3                                                                         (12) 

In figure 1.8, tensor directions are defined. 1 corresponds to the zigzag direction, 2 to the armchair direction, 

and 3 to out-of-plane direction. The shear directions are indicated by “4”, “5”, “6” and are perpendicular to 

the directions “1”, “2”, and “3” respectively. Equation (10) shows that piezoelectric polarization along the 

1-axis (zigzag direction) can only be activated by shear strain perpendicular to the direction “3” (out-of-

plane direction). Equation (11) shows that piezoelectric polarization along 2-axis (armchair direction) can 

be activated by in-plane tensile (or compressive) stresses along 1-axis and 2-axis. Tensile strain along the 

2-axis and compressive strain along 1-axis induce positive piezoelectric polarization and vice versa for the 

opposite strain. Equation (12) shows it is obvious that 1H-TMDC monolayer does not have piezoelectric 

polarization along 3-axis (out-of-plane direction) no matter the stress in any direction. From equation (9), 

these conclusions also hold under the converse piezoelectric effect. In this case, only one piezoelectric 

coefficient - d22 - needs to be calculated. The d11 calculated in reference is equal to d22 here due to different 

tensor directions defined.  
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Figure 1.8 Tensor directions for defining the constitutive relations. In 1H-TMDC, 1 corresponds to the 

zigzag direction, 2 to the armchair direction, and 3 to out-of-plane direction. The shear directions are 

indicated by “4”, “5”, “6” and are perpendicular to the directions “1”, “2”, and “3” respectively. 

 

1.3.3 Promising candidates within 2D materials 

Piezoelectric properties are associated with the covalent and ionic radii, atomic polarizabilities, elastic 

constants C11 and C12 of the 2D materials and the cation period78,80. Theorists have predicted piezoelectricity 

for 2D metal dichalcogenides semiconductor by density-funtional theory (DFT), aiming at suitable 

piezoelectric materials for nanoscale applications. The range of the piezoelectric coefficients is similar in 

magnitude to bulk piezoelectric materials, but much smaller than lead zirconium titanate80. The results are 

shown in figure 1.9 (a). For TMDCs, Te-based TMDCs show a high value of d11 compared with S and Se-

based TMDCs as Te - with larger size – is more easily polarized. On the other hand, Cr-based TMDCs are 

found to have much better piezoelectric properties due to a smaller radius and better ability to polarize other 

atoms. In a word, the theory shows periodic trends, where a large anion and a small cation in a TMDC 

result in a high d11. Chalcogenide atom have a more obvious influence on d11 compared to metal atoms, 

which indicates that chalcogenide polarization dominates the piezoelectricity. However, stability of 

TMDCs also declines gradually with increasing chalcogenide atom size. For example, Te-based TMDC 

have the highest piezoelectricity and the lowest stability. In other words, the piezoelectric effect competes 

with the degradation of the material due to lower stability81. Considering the piezoelectricity, stiffness and 

energy conversion efficiency in figure 1.9 (c), CrS2 is suggested to be a highlight material with the most 

favorable combination of overall properties.  
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Figure 1.9. Periodic trends for d11 in (a) metal dichalcogenides, (b) 1H-TMDC, taken from [80]. (c) e11, 

stiffness and the conversion efficiency of energy of 2D materials, where the conversion efficiency is the 

ratio of the generated electric energy and the mechanical deformation energy marked as black curve with 

percentage, calculated by Morten N. Gjerding.    

 

1.4 Fabrication  

For TMDC monolayer flake fabrication, there are many kinds of strategies as shown in figure 1.10. They 

can be divided into two strategies, named top-down approach and bottom-up approach and chemical vapor 

deposition (CVD), etc. The top-down approach including mechanical exfoliation, metal assistant 

exfoliation cleave the TMDC bulk into layers with atomic thickness. Conversely, bottom-up approaches 

including CVD and interface limited growth is building layer structure with metal and chalcogenide atoms 

through self-assembly or synthesis process. In this section, mechanical exfoliation, metal assistant 

exfoliation, CVD and interface limited growth will be introduced.  
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Figure 1.10 Schematic diagram of top-down and bottom-up approach for TMDC fabrication. 

 

1.4.1 Mechanical exfoliation  

Mechanical exfoliation was the first method successfully used to isolate graphene layers on SiO2/Si 

substrates. In this method, TMDC bulk is exfoliated by peeling with adhesive tape, then the tape with 

TMDC flakes is adhered to a target substrate, and with gentle mechanical pressure will leave many TMDC 

flakes with different layer thicknesses on the substrate once the tape is removed. Mechanical exfoliation 

can give us high quality flakes, and most experimental reports and results are therefore based on the samples 

produced by mechanical exfoliation. However, factors including the small size of flakes, random 

positioning on the substrate, and no true control over layer numbers limits the practical application due to 

weak interaction of TMDCs with the SiO2/Si substrate. For example, Figure 1.11 shows WS2 flakes on 

SiO2/Si substrate by mechanical exfoliation. Flakes can be quickly identified on SiO2/Si substrate by 

different optical contrast in the microscope due to an increased optical path and notable opacity. In the 

figure, there is a WS2 monolayer with around 20 µm size in the middle and stepped layer with 30 µm size 

in the left. The position, shape, layers and size of flakes is random. Besides this lack of control, it can also 

take a relatively long time to find a suitable monolayer – with the production rate being dependent on the 

experience of the researcher.  
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Figure 1.11 WS2 flakes on SiO2/Si substrate by mechanical exfoliation, 1L, 2L and 3L means mono-, bi- 

and tri-layer. Scale bar is 10 µm.  

 

1.4.2 Metal-mediated exfoliation 

Rec1ently, gold was used as mediation layer for helping to isolate large area TMDC monolayers, since the 

strong interfacial interaction between Au and chalcogen atoms easily overcomes the van der Waals forces 

between layers of TMDC bulk. Figure 1.12 (a) shows the typical process82. Au was evaporated onto the 

TMDC bulk before peeling off by thermal release tape. Then the Au/TMDC was thermally released onto 

the target substrate, and finally the Au was removed by etchant. Using this approach, researchers 

successfully exfoliated many more and much larger monolayer MoS2 flakes compared to tape exfoliated 

MoS2 (figure 1.12 (b) and (c)). Indeed, gold has a well-known affinity of chalcogen atoms with predicted 

binding energy (BE) at Au-MoS2 interface of -0.20 eV83. Evaporated Au has mismatch with the top layer 

of sulfur atoms in a sulfur TMDC, which can induce a bi-axial tensile strain in the top layer of MoS2
84,85. 

This combination of strong bonding and strain decoupling means that the topmost layer of MoS2 can be 

easily exfoliated by this Au mediated method. The cleanliness and smoothness of the Au surface are critical 

for exfoliation of monolayer MoS2 because contamination and roughness of Au surface weaken the 

interfacial interaction86,87. Gold mediated exfoliation has improved with further research. When smooth Si 

substrates are used as a sacrificial substrate to ensure a smooth surface of the Au layer, the lateral size of 
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the MoS2 monolayer flakes can reach over 5mm, and with lower defects compared to direct deposition of 

Au on TMDC88. Around 20 distinct TMDC compounds have been exfoliated to monolayer with more than 

1 mm size on few nanometer Au/Ti coated substrate89.  

A major issue is however that removing the Au requires etching the metal, and etching metal is a problem 

for the quality of TMDC monolayers. A few papers report that Au etchant ( KI/I2 solution ) can oxidize 

MoS2 slightly, which leads to defect and doping effect90–92. Less stable TMDCs such as WS2 will be 

oxidized heavily. Figure 1.12(d) shows the WS2 monolayer flakes from Au mediated exfoliation after 1 day 

of removing Au. It is obvious that the middle area of WS2 monolayer flake has low contrast, which was 

oxidized.   
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Figure 1.12 (a) Schematic illustration of the Au exfoliation process. (b) Optical microscope image of a large 

monolayer MoS2 flake. (c) Histogram of flake areas for tape-exfoliated versus Au-exfoliated MoS2, taken 

from [82]. (d) WS2 monolayer after 1 day of removing Au. 

 

1.4.3 Chemical Vapour Deposition (CVD) 

CVD can be used to prepare large-area TMDCs with controllable layer number, domain size and high 

quality. It is regarded as a promising synthesis technique for production application due to simplicity and 

widespread use for producing thin film in semiconductor industry. In CVD processes, precursors react and 

products are deposited on a target substrate as a layered film at elevated temperature. There are a few 

common preparation routes depending on the type of precursors. Figure 1.13 (a) shows a typical furnace 

for CVD growth. It is equipped with a controllable temperature heating regions and a controlled gas 

environment for reaction and deposition. Figure 1.13 (b) shows a ‘halogenation of metallic layer’ route for 

CVD, where a pre-deposited thin M precursor layer can be halogenated by X vapor and generate thin film 

of MXn on the target substrate. The advantages of the approach is controllable thickness, wafer-level 

thickness uniformity, and high conformality. However, the growth process is slow due to layer-by-layer 

halogenation, and reports show that complicated precursor preparation limits its application93,94. Figure 1.13 

(c) shows and alternative ‘codeposition’ route, where M and X precursor are both evaporated and meet on 

the substrate area in reaction temperature. Then these can react to form MXn on the target substrate and 
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grow as a thin film. This approach requires an appropriate metal precursor with a low melting point, and 

reactivity with X precursors. And each recipe is only suitable for a single material, meaning we need to 

figure out new metal precursors and growth conditions for each new TMDC. Figure 1.13 (d) shows a third 

‘complex precursor decomposition’ type route wherein an M and X containing precursor is thermally 

decomposed at the substrate surface95,96. However, there can be some MX2 clusters deposited on the 

substrate and the resulting TMDC layers are often not uniform.   

 

Figure 1.13 Three common types of CVD synthesis technique. (a) Furnace image, (b) pre-deposited M 

precursors on target substrate reacted with X precursors and resultant MX2 layer can be deposited on target 

substrate. (c) M precursor and X precursor react as both vapor phase and MX2 molecular deposit and self-

assemble as layer structure on target substrate. (d) MX2 precursor can be evaporated directly and deposit on 

target substrate. 

 

CVD growth is a complicated process, which is controlled by many parameters such as carrier gas type, 

gas residue composition, gas flow rate, tube pressure, reaction temperature and ramp rate, distance between 

substrate and precursors, substrate type, mass and type of precursor and so on. The morphology, layer 

number, grain size, defects, nucleation density and orientation are sensitive to the conditions synergistically. 

Figure 1.14 (a) shows that growth rate and precursor mass flux influence the domain size and grain 

boundary97. Simply, precursor mass flux determine the density of domains and growth rate determines the 

size of domains. The morphology of the TMDC layer is related to the precursor concentration. In the case 

of MoS2, the distance of substrate to the precursors directly controls the ratio of Mo and S precursors in 
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reaction, which influences the morphology of MoS2 monolayer (figure 1.14(b))98,99. Indeed, figure 1.14 (c) 

shows the shape and edge structure of MoS2 is determined by the ratio of Mo and S. Mo-rich precursors 

result in a high proportion of Mo-zigzag termination and vice versa. TMDC has low lattice symmetry, 

leading to antiparallel domains and grain boundaries when growth happened on most of substrate with 

incompatible symmetry100,101. Meanwhile, orientation of the grains is strongly affected by the substrate - 

highly oriented and lattice matched substrates can control TMDC growth and result in ordered 

orientation93,98. For layer number control, some reports consider nucleation type as an important factor – 

distinguishing between and controlling monolayer, bilayer and tri-layer nucleation, where bilayer and tri-

layer MoS2 was successfully prepared102,103. However, the mechanism for controlling layer number is still 

a developing.  

 

Figure 1.14 Schematic of (a) relationship between domain size, density of domain, precursor mass flux and 

growth rate in CVD growth process, (b) relationship between morphology of MoS2 and concentration of 

precursors controlled by distance of reaction and precursors and (c) relationship between the Mo:S atom 

ratios and the domain shapes, taken from [97,99].  

 

The resulting properties of CVD grown TMDC films are heavily affected by grain boundary density/grain 

size, layer number and defects. Current efforts in the development of CVD mostly focus on controllable 

preparation of wafer-scale single crystal TMDC films. Salt, as a precursor additive, was proven to adjust 

the vapor pressure of precursors due to the formation of intermediates with low melting point97,104–106. Then, 

the requirements for metal precursors become more relaxed for some TMDCs with refractory and low-

vapor-pressure metals, and growth processes with matching between M and X vapor pressure become 
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controllable. Another method to reduce grain boundaries is to choose or treat the growth substrate. A proper 

highly orientated substrate is critical to get single crystal TMDC by controlling domain orientation due to 

lattice matching such as sapphire, Au, or GaN, etc107–110. The films that result from oriented epitaxial 

crystals stitching together will have fewer and smaller angle grain boundaries once grains meet. Besides, 

liquid substrates used in growth processed can offer an ideal nanomanipulation platform that allows for 

rotation, alignment, and movement of precursor atoms111-112. Another method is to make stepped and 

functional substrates, which control nucleation growth due to reducing nucleation barrier with for a specific 

orientation103,113–116. Although CVD approaches to TMDC production has experienced many breakthroughs 

in recent years, growth repeatability still needs more research due to the large number of parameters that 

are hard to simultaneously control and replicate. On the other hand, except for common TMDCs like MoS2, 

WS2, MoSe2, WSe2, new TMDCs that are not readily available in bulk crystals may be possible to grow at 

wafer scale by CVD, and the area remains an explorable direction to open new challenge.  

 

1.4.4 Interface limited growth 

The CVD methods described until now have stringent requirements for precursors with low melting point 

and high reactivity, limiting the application for more TMDC growth. Researchers adjust M precursors by 

adding salt or use active chalcogen monomer supply for synthesis of a wider variety of TMDC materials97,117.  

As an alternative technique developed at DTU in recent years, interface limited growth represents a possibly 

universal approach for the synthesis of binary TMDCs and MX compounds in general118. Figure 1.15 (a) 

shows the schematic of interface limited growth. In this process, an Au layer and M transition metal layer 

are deposited onto a c-plane sapphire substrate. Au/M/sapphire is annealed into Au and M alloy supported 

by sapphire at 850 degrees before reaction with X vapor in order the M element will come into Au solid 

solution evenly. The Au takes on a (111) crystal structure at this temperature, which is a good match for 

the lattice symmetry of hexagonal TMDCs119,120. So TMDCs can epitaxially grow on Au(111) surface as 

shown in figure 1.15 (b) such as VS2, CoTe2 and so on. The reaction between M and X elements only 

happens at the solid-gas interface, since X gas is insoluble in Au solid phase, and M can not evaporate at 

the reaction temperature. Precisely at the 2D solid-gas interface, MX layers assemble into a 2D film. The 

M concentration in Au can be controlled by deposition thickness, and the amount of M is limited usually 

to below 5% to make sure only simple solution-like single-phase alloys are created at the growth 

temperature. In this approach, there is no limitation of precursors and any combination of M and X elements 

can be chosen to produce a wide range of 2D materials. Another advantage is that this reaction is not 

necessary to be in X gas flow, and will proceed very well in a static X gas environment. So it can happen 
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in sealed evacuated tubes or ampoules, where air-sensitive TMDCs can be prepared and stored ready for 

use thanks to being free of O2 and water. However, the layer number, uniformity of TMDC layer and 

coverage percentage cannot be readily controlled due to the different M solubility in Au at the alloy 

temperature of 850 degree.      

 

 

Figure 1.15 (a) Schematic of interface-limited growth, where phase 1 and 2 means solid and gas phase, 

respectively. When M and X precursors can not come in each other phase, reaction will happen in 2D 

interface at special temperature and 2D MXn film are assembled. (b) Library of layered transition metal 

chalcogenides and other 2D materials by interface-limited growth. Taken from Reference [118].  

 

1.5 Transfer 

After TMDC layers are prepared on growth substrate or exfoliated substrate, a process of transferring to a 

particular application substrate is necessary. An intermediate support layer is needed to mechanically hold 

the 2D morphology during transfer from the original substrate to new substrate. The transfer process 

generally requires a higher adhesion of the 2D materials to the intermediate support than to the original 

substrate. Then the support/2D material layer is separated from the original substrate, adhered to the target 

substrate, and released onto the target substrate by e.g. dissolution of the support. Transfer approaches can 

be divided into two types including wet transfer and dry transfer as shown in figure 1.16.  

Wet transfer is usually applied for large-area transfers. Polymers can be used for intermediate supports due 

to low viscosity, good wetting capability and easy solubility in several organic solvents121,122. Based on 
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polymer as the intermediary support, chemical etchant assisted transfers are used to transfer grown 2D 

materials by etching the surface of original substrate using a strong chemical etchant122,123. Wedging transfer 

is an approach to transfer exfoliated flakes by introducing water into the interface between 2D materials 

and a substrate due to different surface wettability between hydrophobic polymer and hydrophilic 

substrate124. Bubbling transfer is a strong transfer that proceeds by generating bubbles in conductive 

interface during an electrochemical reaction125, but is limited to conductive substrates. As an alternative to 

polymers, metal can be used for an intermediate support. There are strong interfacial interactions between 

metals such as gold and TMDC layers that make exfoliation of large areas feasible, and can allow direct 

transfer from original substrates126,127.  

Dry transfer means that the transfer process does not involve any liquid. Figure 1.16 shows the process of 

dry transfer. One such transfer technique is pick-up using polypropylene carbonate (PPC) and 

polydimethylsiloxane (PDMS) supports that are fixed on a glass slide128. Then adhesion change of PPC at 

different temperatures versus the competing van der Waals forces between two flakes can used to pick up 

and drop down flake in order to transfer and stack them in arbitrary combinations. The approach can 

precisely control flake position via control of a micromanipulator, and is mostly applied to transferring 

flake onto specially selected positions and making vdW heterostructures.  

Different approaches each have their own restrictions. In wet transfer, polymer contamination from 

precipitates is hard to avoid once polymer is melted in order to increase adhesion and contact area of 2D 

materials and target substrates. Metal assisted transfer induces defect and oxidation of TMDC during 

thermal evaporation and metal etching process129. For dry transfer, the success rate and quality of transfer 

is affected by the uniformity of the polymer layer and the clean surface of 2D materials and polymer. It is 

also of very limited use for large-area assembly and stacking for integrated chip application – i.e. it is not 

scalable. In the future, ensuring that large-area transfer processes do not induce external damage, wrinkles 

and contaminations on 2D flake is key technological and scientific goal.   
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Figure 1.16 Schematic of transferring 2D materials. 

 

 

1.6 Thesis outline 

The central thesis of this work is that is it possible to synthesize or isolate new atomically thin TMDC 

materials for the production of high-performance piezoelectric devices in a way that enables scalable 

production for future applications. 

The PhD project consist of the key sub-goals of TMDC fabrication (by synthesis and exfoliation), transfer 

to specially engineered flexible substrates for piezoelectric testing, final device preparation and the design 

and implementation of a small signal measurement capable electromechanical piezoelectric test system. 

During this work, I developed new exfoliation methods for TMDC monolayers, improved the interface 
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limited growth method, extended the application of 2D materials transfer technology and performed testing 

of the piezoelectric effect in 2D materials. The list below outlines the content of each chapter of this 

dissertation.   

Chapter 2 introduces characterization techniques for TMDC materials used in the thesis including optical 

microscopy (OM), Raman scattering, X-ray photoelectron spectroscopy (XPS), photoluminescence 

spectroscopy (PL), X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and electronic transport characterization.    

Chapter 3 describes a new exfoliation method for TMDC monolayer by PVA foil. The method can 

selectively split the uppermost layer of TMDCs in a safe, simple, convenient and reproducible process. The 

method shows promise in the production and handling - transferring and stacking – of the uppermost layer 

of 2D materials from bulk crystals for potential applications.  

Chapter 4 describe a new growth technique based on interface limited growth employing a novel Ni catalyst. 

The method attempts to grow large-area single crystal TMDC monolayer. It has other potential applications 

for heterostructure growth.   

Chapter 5 presents new developments on cellulose acetate butyrate (CAB) ‘wedging’ transfer. This revised 

CAB transfer technology offers a new platform for stacking and twisting of freestanding complex oxide 

thin films. The technology opens up the possibility for oxide heterostructures to be produced and combined 

via moiré superlattice engineering, to produce flexible, magnetic, or superconducting materials. I also 

demonstrate that CAB can be used for metal contacts transfer, which support a simple strategy for device 

preparation that avoids lithography on target flakes.  

Chapter 6 presents piezoelectric tests and characterisation of flexible 2D materials devices. This part 

addresses background noise, optimization of the measurement system parameters and piezoelectric 

response results and analysis from 2D materials. It documents my experience and results on the 

piezoelectric testing of 2D materials devices. 

Chapter 7 provides a conclusion and outlook of the thesis. 
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2. Characterization 

2.1 Optical microscopy 

Optical microscope is a tool to identify 2D materials quickly. Usually, freestanding 2D materials have low 

visibility due to their transparency as a result of their few atomic layer thickness. They can be observed on 

SiO2/Si substrates due to an increased optical path length – resulting in an interference based color shift - 

and the opacity of 2D materials28. The enhanced contrast of 2D materials is related to the SiO2 thickness 

and wavelength of light. In the case of graphene, figure 2.1 shows the relationship of the relative contrast 

of graphene against a background of an SiO2/Si substrate with different SiO2 thickness, versus wavelength 

of incident light. The contrast of graphene can reach 0.15. Green light is comfortable for the human eye 

over long periods, so 90 nm and 260-300nm SiO2 thickness gives the highest practical contrast for 

identifying graphene. In our experiment, 90 nm SiO2/Si substrate is used. A Nikon Eclipse L200N with a 

motorized stage was used for our optical microscope.  

 

 

Figure 2.1 The relationship with contrast of graphene on SiO2/Si substrate, SiO2 thickness and wavelength 

of incident light, taken from [28].  

 

2.2 Raman spectroscopy 

Raman spectroscopy is a common technique used widely for determining the crystal structure of 2D 

materials due to its simple and quick results obtained in ambient environments without special complicated 
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sample preparation. Raman spectroscopy can detect the energy shift from the incident light by interacting 

with vibration mode of 2D materials. For the H-TMDC phase, there are two main Raman active vibration 

modes of 𝐴1𝑔 and 𝐸2𝑔
1  (𝐴1

′ and 𝐸′ in monolayer), denoting the in-plane vibrations of two halogen atoms 

with respect to the metal atom and the out-of-plane vibrations of halogen atoms in opposite directions, 

respectively130 . The information from the two peaks can determine layer number, defect density, doping 

and strain. In this thesis, Raman spectroscopy was conducted in a Thermo Fisher DXR microscope equipped 

with a 455 nm laser using an incident power of 1 mW and a 5x, 20x, 100x objective.  

 

 

2.3 X-ray photoelectron spectroscopy (XPS) 

XPS is often used to check surface elements and binding states of elements in TMDCs. Figure 2.2 

schematically shows the XPS process. XPS spectra record the kinetic energy of emitted electrons from the 

top 1-10 nm surface of materials by incident X-rays. In the case of TMDCs, defect concentration can be 

calculated by the mass ratio of M and X elements in XPS spectra. Doping and heterostructure status can be 

investigated.  K-Alpha by Thermofisher Scientific at DTU Nanolab was used for XPS measurement in a 

vacuum of 10-8 mbar.  

 

Figure 2.2 Schematic of XPS process in the energy band structure. Incident X rays emit the electrons in 

different orbitals. Binding energy can be calculated by the kinetic energy of the emitted electron, work 

function and energy of incident X rays: 𝐸𝑏 = ℎ𝑣 − 𝐸𝑘𝑖𝑛 − 𝑊𝑓. Adapted from [131] 
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2.4 Photoluminescence (PL) 

PL is light emission from the recombination of electrons in the conduction band and holes in valence band 

after the excitation of electron by incident photons. In TMDCs, there are two main features in PL: the A 

exciton peak and B exciton peak, originating from two vertical transitions from spin-orbit split valence 

bands to a doubly degenerate conduction band132. In addition, monolayer TMDCs possibly have other 

excitons such as positive trion, negative trion, and biexciton due to excess electrons or holes from intrinsic 

defects or doping133. The PL spectrum is a powerful tool for characterizing layer number, quality and doping. 

For PL characterization, samples are placed on a customized microscopy setup (Eclipse Ti-U, Nikon) by a 

515 nm laser with 150 lines mm-1 grating at DTU Electro with Moritz Fischer’s help, where laser power is 

1.21 mW. 

 

2.5 X-ray Diffraction (XRD) 

XRD is a widely used characterization technique to analyze the sample’s composition and crystal structure. 

The technique is based on Bragg diffraction, as shown in Figure 2.3. When X-rays graze a crystal, they 

scatter from atomic planes in the lattice, and under certain incidence angles produce strong reflections. 

Reflected beams can cancel each other by destructive interference, but at particular incident angles, there 

is constructive interference of the beams, resulting in a diffracted beam with high magnitude of intensity. 

The condition of constructive interference in different waves with the same wavelength is that the difference 

in their path is equal to the integer multiple of the wavelength, which is Bragg’s law as follow,  

𝑛𝜆 = 2dsinθ                                                                         (13) 

Where 𝜆 is the wavelength, d is the spacing of lattice planes and θ is the angle of incident X-ray.  

According to the angle with high magnitude, the spacing of lattice planes can be calculated. Besides, lattice 

distortion, polycrystallinity and intercalation can be investigated. An XRD system (Rigaku, Smartlab) with 

a wavelength of 0.154nm at DTU Energy was used in this thesis with Haiwu Zhang’s help.  
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Figure 2.3 Schematic of Bragg’s diffraction, adapted from [134] 

 

2.6 Atomic Force Microscopy (AFM) 

AFM is a surface analysis technique that can image 3D profiles. A microscopic cantilever with a sharp tip 

with radius down to 10 nm is scanned over a surface, and the forces experience by the tip are measured by 

the deflection of the cantilever using a reflected laser spot.  AFM has two basic running modes of contact 

and non-contact mode. In non-contact mode, the sample does not experience any damage from the scanning 

process. In this mode, the tip scans the surface of the sample, while the cantilever is mechanically oscillated 

at close to its resonant vibration frequency – this resonance frequency changes due to vdW force between 

tip and sample surface, and this shift is converted to topography image (usually a feedback loop is used to 

maintain a constant force setpoint between the tip and sample, and the height used in the feedback loop 

gives the topography). In contact mode, the tip is similarly scanned, but the cantilever is not oscillated, and 

the static deflection of the cantilever gives the signal for feedback. Layer number, wrinkles, surface 

contamination and cracking of TMDCs can be investigated. An NT-MDT nTegra AFM was used in the 

thesis.  

 

2.7 Scanning Electron Microscopy (SEM) 

SEM is another powerful tool for surface morphology and composition of the sample. Figure 2.4 shows the 

electron-matter interaction with a thin specimen from the incident electron beam. Among those, SEM 

collects signals leaving the surface of the specimen. It includes secondary electrons generated by collisions 
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between primary electrons and loosely bonded outer electrons in the sample, and backscattered electrons 

generated by elastic interactions between the primary electrons and sample atoms. Secondary electrons 

escape from the surface and slopes of the sample, giving surface topography. Backscattered electrons give 

information of the composition of the sample as heavy elements generate more backscattered electrons than 

light elements. In the thesis, SEM is used to investigate surface morphology. There are typically two 

detectors in an SEM for detecting secondary electrons ejected from the sample – Inlens detector and SE2 

detector. For detecting secondary electrons generated by incoming electrons, the Inlens detector positioned 

in the lens of the microscope vertically above the sample with a short distance, and provides good resolution 

and contrast for the edge. For detecting secondary electrons generated by backscattered electrons, the SE2 

detector in the side of the sample with long distance gives a large field and good surface topography. The 

SEM measurement was made using Zeiss Supra VP 40 SEM at DTU Nanolab. 

 

Figure 2.4 Most of the electrons-matter interactions from the incident electron beam.  

 

2.8 Transmission Electron Microscopy (TEM) 

TEM provides direct information on atomic positions, atoms type, bonding for each other and crystal lattice 

by collecting signals passing through the specimen. In the thesis, information from scattered electrons are 

discussed, including diffraction patterns, high-resolution TEM (HRTEM) and scanning TEM (STEM). 

Diffraction patterns provide crystal structure and constant of the crystal lattice in the selected area due to 

Bragg diffraction produced when an electron beam interacts with atoms in crystalline materials. The detail 

at the atomic level about the defect, doping, grain boundary and phase can be imaged by HRTEM and 

STEM. HRTEM is generated by the interference between diffracted beams and the primary beam, and 

STEM is generated by scanning the sample area with a focused electron beam. Sample preparation is a 
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complicated process for TEM measurement, where the sample must be transferred or suspended on 

compatible special grid substrate. Electrons in the beam often have sufficient energy to induce structural 

damage by kinetic energy transfer, known as knock-on135. TEM characterization was done in an FEI Tecnai 

T12 and T20 at DTU Nanolab with Anton Lyksborg-Andersen and Daniel Kelly’s help.   

 

2.9 Electrical characterization 

Additional information can be gained using electrical characterization by fabricating the TMDC channel 

based field effect transistors (FET). In the fabrication process, TMDC flakes are transferred on SiO2/Si 

substrate and patterned by photolithography and plasma dry etching. Metal is deposited on TMDC and 

patterned by a lift-off process to build source and drain electrodes. During electrical characterization, the 

conductivity between the source and drain electrodes is modified through the application of a gate voltage 

to the Si substrate, resulting in an electric field effect through the insulating SiO2 layer. The number (and 

type) of charge carriers can thus be changed by the external gate voltage. Charge carrier transport in the 

TMDC channel can be diffusive, quasi-ballistic or ballistic according to the relationship of the mean free 

path, width and length of the channel, where the mean free path is affected by scattering processes. 

Scattering sources include intrinsic phonons of TMDC, extrinsic scattering by surface phonons at the 

substrate, lattice defects, grain boundaries, impurities, doping, residues, topographical variation and the 

boundary of the device136–142. The environment can also contribute to these, whether measurements are 

carried out in humidity, at different temperatures or under vacuum.  

Contacts 

When 2D materials are contacted with metal, there is a large contact resistance due to a lack of out-plane 

dangling bonds in 2D materials to strongly bond with metal143. There are in general two contact types: 

ohmic contacts and Schottky contacts. In ohmic contacts, current from source to drain, Ids, and voltage from 

source to drain, Vds, follow a linear relationship. The resistance R can be calculated below, 

𝑅 =
𝑉𝑑𝑠

𝐼𝑑𝑠
                                                                           (13) 

and R is a sum of all of the series resistances in the system, including the channel resistance, the contact 

resistances, cables, etc.  

In Schottky contacts, which occur when a semiconductor material is contacted by a metal, a Schottky barrier 

is formed due to the difference of the work function of metal and electron affinity of the semiconductor144. 

This results in a diode-like behavior in each affected contact – it is easier to pass e.g. electrons in one 
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direction than the other due to the barrier. Ohmic connections can also be made to a semiconductor, if the 

Schottky barrier height is low or negligible. 

Electronic Properties Measured 

The device characterization data obtained from FET measurements include resistance, field-effect mobility, 

carrier density and on/off ratio, which are calculated by transfer curves and output characteristics as 

follow145146; 

µ = (𝐿 𝑊𝐶𝑜𝑥𝑉𝑑𝑠⁄ ) (
𝑑𝐼𝑑𝑠

𝑑𝑉𝑔
)                                                          (14) 

n = 𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝑇) 𝑒⁄                                                               (15) 

where µ is field effect carrier mobility, L and W are the channel length and width, Cox is the capacitance of 

300 nm SiO2 of the substrate. Vds and Ids are the source-drain voltage and current, respectively. Vg and VT 

are applied gate voltage and the threshold voltage, which is the gate voltage while significant current starts 

to flow from the source to the drain. And e is the electron charge.  

In the thesis, the Parker Daedal Division probe station and Keysight 2000 parameter analyzer were used to 

perform the electrical characterization at room temperature in air. 
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3. Selective exfoliation of the uppermost monolayers of bulk 

van der Waals materials using polyvinyl alcohol foil 

lamination 

3.1 Introduction  

Due to the unstable production efficiency of traditional Scotch tape exfoliation89 and damage and doping 

induced by metal exfoliation for TMDC monolayer preparation92, looking for a clean, safe and effective 

alternative method for isolating monolayers is still a valuable direction.  

Probably the most commonly used polymer for transfer, polymethyl methacrylate (PMMA), appeared in 

the process of transferring carbon nanotubes and graphene to arbitrary substrates122121. Subsequently, a wide 

range of polymers were investigated as sacrificial supports for the manipulation of 2D materials including 

transferring, flipping and stacking124,147,128. In fact, 2D materials transfer has a potential connection with 2D 

materials exfoliation because both processes employ a high adhesion energy (γ) at the interface between 

2D materials in contact with the polymer. Therefore, the exfoliation methods can be expected to inform 

transfer methods, and vice versa. Previous research on 2D materials transfer by polyvinyl alcohol (PVA), 

a kind of water-soluble polymer, shows a strong interaction force between PVA and 2D materials148–150. 

PVA has been used in exfoliation of 2D material monolayers by applying it as a functional layer coated on 

a substrate with high adhesive strength92,151. However, this “bottom PVA exfoliation" needs a complicated 

layer transfer process for removal, and leads to some residue.  

Here, we describe a new mechanical exfoliation technique employing PVA foil lamination. In this method, 

the very uppermost layers and down to a single monolayer of a 2D materials bulk crystal are peeled off and 

transferred to the substrate evenly by PVA foils, a commercial tabletop hot-roll office laminator and water. 

Furthermore, the monolayer MoS2 produced in this way via PVA foil lamination is of high quality and n-

doped, confirmed by Raman and PL comparison with Au exfoliated MoS2 and traditional mechanical 

exfoliated MoS2. Finally, FET measurement shows the electrical transport properties of the monolayer 

MoS2: a mobility of 12.2 cm2 V–1 s–1 and on/off ratio of ~105. Our study offers a safe, simple, convenient, 

and reproducible method using low-cost PVA foil for selectively exfoliating the uppermost layers of 2D 

materials with high quality and large area.  

A significant advantage of this technique is that for structure-processable engineering of 2D layered 

materials by ”top-down” treatment such as lithographic patterning, defect engineering, surface doping and 



33 

 

chemical transformation152–156, it is possible to exfoliate the processed crystals monolayer-by-monolayer, 

from the top down.   

 

3.2 Method 

3.2.1 2D materials exfoliation by PVA foil lamination  

In this experiment, all PVA foils are composed of a support sheet of backing paper and 30μm thickness of 

PVA (Chengdu Han Shang Water Transfer Printing Co., Ltd.). Firstly, we used blue adhesive tape (Nitto 

Denko Corporation) to remove the top and bottom layers of 2D materials bulk. PVA foils were washed 

with isopropanol (IPA) and dried with a nitrogen blow gun in advance. The freshly cleaned bulk crystal 

was put between two pieces of PVA foil and passed through a commercial hot-roll office laminator (Akiles 

Pro-Lam photo 6) at 120°C and a speed of 20 cm min-1. After lamination the foils were separated and the 

bulk crystal was manually removed. One of the laminated foils was then covered by a new washed PVA 

foil to be encapsulated by the laminator again. Delaminating cleaves the crystal, and the process is repeated. 

After a few repetitions, the resulting 2D material flakes on PVA foils were laminated on SiO2/Si substrate 

under the same lamination conditions. The support paper sheet was peeled off and then the sample was 

heated on a hotplate at 120°C for 1min to improve adhesion. The sample finally was kept in deionized (DI) 

water overnight for dissolving PVA.   

 

3.2.2 MoS2 device preparation  

To fabricate the MoS2 FET, the PVA exfoliated MoS2 was transferred onto a 300nm SiO2/Si substrate by 

typical wet transfer157. After annealing, a layer of PMMA was spin-coated on top of MoS2/substrate with 

the final thickness at around 200nm. A JEOL 9500 FS electron-beam lithography system was used to define 

the device area and the electrode patterns. After the development, Cr(5nm)/Au(80nm) contacts were 

deposited using Temescal FC-2000 electron-beam evaporator under high vacuum of 7x10-7 Torr, followed 

by the overnight lift-off in acetone at room temperature. This part is from Yingqiu Zhou’s help.  

 

3.3 Results and discussions 

Figure 3.1(a) shows the schematic illustration of the PVA foil exfoliation process. High lamination 

temperatures are favourable for adhesion to the van der Waals crystal bulk. I found that at temperatures of 

more than 150°C however, the PVA sheets used for lamination will melt and bond together, and be difficult 

to separate. Higher temperatures also lead to more residue that is hard to remove by water due to thermal 
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curing/crosslinking. After separation of PVA foils, the bulk crystal is seen to have been separated into thin 

and thick parts as shown in the left-top of figure 3.1(b), which means PVA foils can be used to successfully 

split MoS2 crystals. After repeating 10 times the exfoliation process, the thickness and size of the crystal 

became thinner and smaller. The very uppermost single layers of bulk will eventually be left on one of the 

PVA foils. PVA foil with flakes was finally transferred to SiO2/Si substrates (Figure 3.1(c)). All flakes 

including monolayers are obtained on the substrate and located using an optical microscope (Figure 3.1(d)).  

 

Figure 3.1. (a) Schematic illustration of the PVA exfoliation process. (b) MoS2 flakes on PVA foils after 2-

10 times PVA exfoliation. (c) MoS2 flakes covered by PVA foil on SiO2/Si substrate. (d) MoS2 flakes on 

SiO2/Si substrate after removing PVA. 

 

The size and uniformity of flakes can be identified by optical microscopy. Contrast against the substrate 

can also be used to examine layers of uppermost flakes28. Figure 3.2(a) shows an optical image of exfoliated 

MoS2 monolayer with uniform contrast on a 90 nm SiO2/Si substrate. Figure 3.2(b) shows that Raman 

spectra of MoS2 have two prominent peaks at 𝐸′ and 𝐴1
′ , which are distributed to in-plane vibration mode 

and out-plane vibration mode of monolayer158. Positions of vibrational modes are dependent on layer 

number of MoS2 with effects on interlayer van der Waals interaction and intralayer bonding changed by 

Coulomb interlayer forces159160. The measured distance between two peaks here of 17.9 cm-1 proves that 

this flake is monolayer130,161. Atomic force microscopy (AFM) images taken subsequently are used to 

determine the thickness of the flakes. Figure 3.2(c) shows that the thickness of single layer MoS2 flakes 

measured is distributed in the range of 0.7-0.9 nm, which is slightly higher than 0.65 nm for S−Mo−S 

structures theoretically but substantially lower than the bilayer thickness of 1.4 nm159,161,162. The few 

polymer residuals visible in AFM images are from PVA precipitates, which are an inevitable source of 
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contamination once polymer is subjected to higher temperature processes during sample preparation. 

Figures 3.2(d, g) show optical images of WS2 and WSe2 monolayers with lateral sizes of a few tens of 

microns. Raman spectra and AFM images both identify WS2 single layer as shown in figures 3.2(e) and (f), 

where the difference of 𝐸′ and 𝐴1
′  peaks is 61.0 cm-1 and the thickness is around 1.0 nm130,163. Especially 

for WSe2, only one strong peak is visible in Raman spectra, as 𝐸′ and 𝐴1
′  are degenerate in frequency at 

249 cm-1 164,165 (figure 3.2(h)). However, two other important features are an obvious substitute indicator 

for the number of layers. The emergence of a new peak in few and single layer WSe2 at 260 cm-1 is ascribed 

to the two longitudinal acoustic (2LA) vibration mode, which can be extracted from the spectrum by fitting 

Lorentzian functions centered around 249 and 260 cm-1 165. The 2LA vibration mode originates from a 

second-order double resonant process involving 2LA phonons close to the M point of the Brillouin 

zone165,166. The frequency difference between 2LA and 𝐸′+𝐴1
′  peaks is 11 cm-1, and this is used as a clear 

indicator of single layer count in WSe2 in experimental papers165–169. The 2LA vibration mode involves a 

complex interplay of electron and phonon dispersion relations, and there is as yet no theoretical explanation 

for the 2LA mode shifting with layers number increasing164–167. Another clear indicator of single layer count 

is that no peaks are present at 308 cm-1 (𝐵2𝑔
1  mode) in monolayer WSe2, in contrast to those that can be 

observed in few-layer WSe2 resulting from resonant Raman processes168–171. The AFM image in figure 3.2(i) 

shows that the WSe2 thickness is around 0.8 nm, further confirming that it is a single layer172.  
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Figure 3.2. (a, d, g) Optical images of exfoliated monolayers MoS2, WS2 and WSe2. The monolayers are all 

transferred onto 90 nm SiO2/Si substrates. Scale bars are 10µm. (b, e, h) Raman spectra of monolayer MoS2, 

WS2 and WSe2 (dotted lines in (h) show the spectral components due to the (red) 𝐸′ and 𝐴1
′   and (blue) 2LA 

Raman contributions, both depicted by Lorentzian fitting functions, respectively.). (c, f, i) AFM 

measurement of the monolayers MoS2, WS2 and WSe2. Scale bars are 1µm. The corresponding height 

profiles are the solid white lines. 

 

The efficiency and quality of PVA exfoliated uppermost monolayer MoS2 (PMoS2) are compared with 

traditional mechanical exfoliated monolayer MoS2 (TMoS2) using blue tape and Au exfoliated monolayer 

MoS2 (AMoS2) by flakes area distribution, Raman spectra and PL spectra. Figure 3.3(a) shows that using 

PVA foil lamination gives a statistically greater chance to get larger monolayers than using blue tape. For 

Au exfoliation, the flake area of monolayer is more than 2000 µm2 and dependent on domains, surface 
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flatness and cleanliness of the crystal. Figure 3.3(b) shows Raman spectra of the samples from different 

methods. Raman data is fitted by regression of Lorentzian functions. The position of 𝐸′ and 𝐴1
′  peaks are 

determined by the fitted Lorentzian functions, which are associated with in-plane and out-of-plane 

vibrations, respectively158. The average value of position and full width at half maximum (FWHM) of peaks 

is shown in Figure 3.3(c). In AMoS2, the downshift of  𝐸′ is attributed to in-plane lattice distortion by 

defects173–175, which is from Au etchant. For PVA exfoliated MoS2, increasing in FWHM and downshift of 

𝐴1
′  are observed, compared with tape exfoliated MoS2. The downshift is a result of electron concentration 

increasing from carbon doping176,177. PVA residues are reduced into carbon after hydrogen/argon annealing 

and provides the carbon source for this electron doping. Doping also increases the strength of the electron-

phonon coupling and leads to an increase in the FWHM of 𝐴1
′  178,179. The upshift of 𝐸′ is likely to originate 

from local lattice deformations by adsorbed carbon. PL spectra and the normalized PL spectra of PMoS2, 

TMoS2 and AMoS2 are demonstrated in figures 3.3(d) and (e), respectively. The two peaks at 655nm and 

610nm are associated with A and B exciton absorptions with 1.89eV and 2.03eV, respectively180,181. A peak 

in AMoS2 is observed with low intensity due to structural damage of MoS2 from Au etching process182. For 

PMoS2, the intensity of the A peak decreases substantially by with 15 times with respect to that in TMoS2 

and the peak position has a clear red-shift, which is possibly attributed to suppression of exciton PL through 

injection of the excess electrons by carbon doping, combined with the incident laser power used in the 

Raman analysis183-185.   
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Figure 3.3. (a) Histogram of flake areas distribution for TMoS2, PMoS2 and AMoS2. The number of TMoS2 

and PMoS2 monolayers are collected from 4 samples and AMoS2 is from 1 sample, (b) Raman spectra 

comparison and (c) averaged position and FWHM of 𝐸′ and 𝐴1
′  peaks with PMoS2, TMoS2 and AMoS2, (d) 

the PL spectra comparison and (e) the normalized PL spectra of PMoS2, TMoS2 and AMoS2. (d) and (c) 

were got from Moritz Fischer’s help. 

 

The electrical transport properties of the uppermost monolayer MoS2 exfoliation by PVA foil lamination 

was characterized by back gated FET measurements, using a transmission line method (TLM) sample 

geometry. The electrical measurement was performed by contacting with 5nm Cr/80nm Au as source and 

drain electrodes, and was carried out using a probe station at room temperature in ambient conditions. 

Electrical characteristics of the MoS2 with different back gate voltage are shown in figure 3.4. A linear 

relationship in the Ids-Vds curves for different back gate voltages is strong evidence of a good ohmic contact 
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between MoS2 and metal as shown in figure 3.4(a). Ids increases at a positive gate voltage, suggesting the 

electron as the majority carrier. Figure 3.4(b) shows the transfer characteristics of MoS2 FET revealing an 

n-type channel transistor, which is consistent with the output characteristics curves. The device presents 

carrier mobility of 7.7-12.2 cm2 V-1 s-1, which was calculated by equation (15). Because high carrier density 

decreases carrier mobility as a result of high carrier scattering rates and electron-phonon interaction (as 

evidenced by Raman spectral changes in Figure 3.3(b) and (c)186–189), differing mobility in a few of the 

channels might be attributable to variations in the extent of doping by carbon.  

Figure 3.4(c) shows Id–Vg measurements of the MoS2 FET at room temperature in air with the forward and 

reverse sweeps, with measured on/off ratios of ~3.0×104 and 2.6~105. The threshold voltage (VT) of -50.1 

and -28.1 V with the forward and reverse sweeps correspond to a calculated carrier density of 3.6×1012 and 

2.0×1012 cm-2 at Vg = 0 V using equation (16). Hysteretic difference between two sweeps is caused by 

increased charge trapping from impurities and water adsorbates in air, thermally activated traps at room 

temperature and surface charge trap supported by n-type monolayer MoS2
146,190,191. 

 

 



40 

 

Figure 3.4. Electrical properties of monolayer MoS2 film from PVA foil lamination. (a) Output 

characteristics curves of the MoS2 FET with 0.5µm length channel in different back gate voltage, inset: an 

optical image of the MoS2 TLM test structure, scale bar is 5 µm. (b) Transfer characteristic curves of the 

MoS2 FET with different channel length (left) and related carrier mobility (right). (c) Measured transfer 

curves of the MoS2 FET with the forward and reverse sweeps.  

 

3.4 Conclusion 

This work demonstrates that the very uppermost monolayers of MoS2, WS2 and WSe2 bulk can readily be 

isolated by PVA foil lamination. The size of the monolayers obtained can routinely reach 50 µm. Compared 

to traditional tape based cleaving and Au exfoliation methods, the exfoliation process can selectively 

exfoliate the uppermost MoS2 monolayers from a source bulk crystal with an area of 200-600 µm2 quite 

readily, but with the disadvantage of measurable carbon doping. FET devices based on this MoS2 show 

room-temperature mobility of 12.2 cm2 V-1 s-1, on/off ratio of 105 and carrier density of 3.6×1012 in air. The 

technique is a safe, simple, convenient and reproducible process and notably avoids the use of any kind of 

organic solvent outside of substrate cleaning steps. With further development to reduce the level of carbon 

contamination, the technique could be very useful for exfoliation of processed uppermost layers of bulk 

crystals, for example to produce many monolayer replica designs from a single lithographically patterned 

bulk crystal.   
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4. Epitaxial growth of TMDC by Ni assisted interface limited 

growth  

MoS2, a common piezoelectric material, was chose to calibrate the custom built piezoelectric measurement 

platform. Since large-scale growth of monolayer MoS2 with high quality is a challenge, Ni was added as a 

catalyst to optimize the grain size and coverage ratio in MoS2 growth process in the following chapter. And 

I tried to grow monolayer CrS2, which is the target TMDC for investigation for piezoelectric study in the 

thesis.  

4.1 Introduction  

Interface limited growth, a growth method of limiting the reaction of the two monomers at the interface as 

described in the introduction, has huge potential to prepare a wide range of binary few-atom thick 2D 

compounds – and in particular experimentally synthesize CrS2. A core disadvantage of the interface limited 

growth method is the low coverage and sometimes uncontrollable layer number grown on Au surfaces, 

which limits applications.  

An accidental discovery in the synthesis process due to a cross contamination between different metallic 

substrates shows that Ni makes a positive difference to the growth of MoS2 on the Au(111) surface. Previous 

research reported that Ni atoms have a distinct tendency to substitute Mo atoms in MoS2 edges when 

growing MoS2 on Au(111)(figure 4.1)192. The morphology of MoS2 crystals and substitution affinity for Ni 

to Mo are dependent on the crystal size, and has been shown to include two distinct types of shape. Figure 

4.1 shows (a) type A: a truncated triangular MoS2 flake, displaying two termination types and (b) type B: a 

dodecagonal MoS2 flake with a wide variety of many terminal types. Figure 4.1(c) shows that the 

morphology approaches type A with increasing size of MoS2 crystal. Other reports find that a low Ni 

concentration favors an increasing the size of MoS2 crystal in CVD techniques when using solid-state 

(NH4)2MoS4 as a precursor26. This suggests that the surface energy is changed by Ni, and Mo and S atoms 

readily transport across the MoS2 edge due to the above modification of MoS2 edge planes by Ni atoms.  

Here, adding Ni to improve the coverage of MoS2 is possible, but additional deposition and growth 

parameters need to be optimized. The possibility of Ni-doping in the final MoS2 and the formation of 

additional unwanted contaminant Ni-S compounds also needs to be explored. Another challenge is to 

determine if Ni can improve CrS2 synthesis by interface limited growth, since CrS2 is hard to synthesize by 

CVD method due to extremely high melting temperature (>1900 °C) of chromium precursors and strict 

requirements about inert environment and precursors ratio193-195.   
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This chapter describes MoS2 and CrS2 growth in the presence of low concentrations of Ni, intended to assist 

the interface limited growth process. By depositing a very thin layer of Ni on Au/Mo (or Cr)/sapphire 

substrate as Mo (Cr) precursor, I demonstrated high coverage of MoS2 and CrS2 successfully at 850 °C. 

Besides, growth parameters and process were discussed. Some aspects, such as the generated Au islands, 

unintended growth of NiS crystals and oxidation encountered during Au etching transfer need further 

improvement. 

 

 

Figure 4.1 (a) Atom-resolved scanning tunneling microscopy image, Ball model and Side view of type A 

Ni–Mo–S and (b) type B Ni–Mo–S, S: yellow, Mo: blue, Ni: cyan. (c) Crystal size distribution for Ni–Mo–

S prepared at three growth temperatures from 673 to 773 K, taken from [192]. 

 

4.2 Method 

4.2.1 Preparation of Ni-Au-Mo or Cr substrate 

A thin layer of metal, either Mo or Cr (99.95%) with around 20 nm, and a thick layer of Au (99.999%) with 

around 500 nm were deposited on a <0001> sapphire substrate by sputtering (Lesker). Then 0.5-2 nm 

thickness of Ni layer was deposited on the top surface of the resulting Au/M/sapphire substrate by thermal 

evaporation (Moorfield system) in 10-7 mbar after a precleaning of the surface with oxygen plasma.  

4.2.2 Synthesis of MoS2 and CrS2 
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The synthesis of MoS2 and CrS2 took place in a hot-wall quartz tube reactor under atmospheric pressure. 

The substrate and sulfur bulk were first placed in the reaction and upstream area. The tube was flushed with 

argon gas and pumped down to 2*10-3 mbar three times, before a flow of argon gas of 100 sccm was 

established with atmospheric pressure in the tube. The substrate in the reaction area was annealed at 850 °C 

to form an alloy and then reacted with sulfur vapor at 850-950 °C, which was generated at 125 °C. Finally, 

the sample was cooled down to room temperature naturally.  

4.2.3 Transfer of MoS2 

Etching transfer was used to transfer MoS2 onto SiO2/Si substrate. A PMMA layer was spin-coated with 

1500 rpm for 60s on MoS2/Ni-Au-Mo alloy/sapphire. A standard Au etchant (KI/I2 solution) was used to 

lift off PMMA/MoS2 film from the substrate by etching the Au layer. Then, the film was transferred to DI 

water and washed, with this step repeated three times. A new 90nm SiO2/Si substrate was used to scoop the 

film, and the sample was air-dried naturally. Finally, the PMMA film was heated at 165°C for 5min to 

ensure good sample adhesion, and then removed in hot acetone.  

4.3 Results and discussion  

4.3.1 Monolayer MoS2 growth at 850°C 

Monolayer MoS2 was transferred on SiO2/Si substrate and was characterized systematically, named sample 

1. The growth conditions are 1nm Ni, 30 min annealing time, 850 °C growth temperature and 20 min growth 

time. Figure 4.2 (a) shows optical images with 5x and 100x magnifications. Light and deep blue is target 

substrate with marks and growth film, respectively. It is a uniform film with full coverage. Figure 4.2 (b) 

shows that the Raman spectrum of sample 1 has two typical MoS2 peaks of 𝐸′ and 𝐴1
′  at 385.1 and 405.4 

cm-1, where the distance of 20.3cm-1 is characteristic of the monolayer. There are two more broad peaks at 

1358 and 1597cm-1, due to the D and G bands of carbon196. The G band is ascribed to in-plane optical 

phonon modes of sp2-hybridized carbon atoms, and the D band is ascribed to breathing-like vibration modes 

of C hexagonal rings activated by atomic vacancies196. The two bands group originate from amorphous 

carbon film with graphitized clusters of few nanometer sizes according to the D/G ratio197. Figure 4.2 (c) 

shows an AFM image of the sample. The height is 1.8 nm, which is more than the thickness of monolayer 

MoS2 due to the amorphous carbon film. Figure 4.2 (d) shows XPS spectra, where O, C, Mo, Si and S 

elements are obtained. Among them, Si and most of O are from the substrate. Mo, S, C and some of O is 

from sample 1 and polymer residue. Figure 4.2 (e) shows a high-resolution XPS spectra of Ni 2p. There is 

no obvious evidence to show Ni doping. Figure 4.2 (f) shows the SEM image based on the ‘Inlens’ (SE) 

detector. Bright points are from dust or polymer residues since more secondary electrons can escape from 

the edges of these objects. Areas which form the majority of the background can be ascribed to carbon film 



44 

 

due to higher secondary electron emission yield at 3keV of incident beam energy compared to 

semiconductor198, i.e. The darker patchy areas are ascribed to MoS2 flakes.  

 

 

Figure 4.2 (a) Optical microscope image of sample 1 on SiO2/Si substrate with 100x magnification, scale 

bar is 20µm, the inset is optical image with 5x magnification, scale bar is 500µm. (b) Raman spectra of 

sample 1 with range from 250 to 2000cm-1, Si peak is calibrated to 520cm-1. The inset is the Raman spectra 

with range from 360 to 430cm-1. (c) The height of the step of sample 1, the inset is the corresponding AFM 

image, scale bar is 2µm. (d) XPS spectra of sample 1 with full scan of Ni 2p. (e) High-resolution spectra of 

C1s. (f) SEM image of sample 1 based on Inlens detector at 3keV, scale bar is 200nm.  

STEM images confirm this structure. Figure 4.3 (a) shows the window of a TEM grid with a suspended 

sample 1. The dark area is amorphous carbon and the bright area is MoS2, which is confirmed in figure 4.3 

(b). MoS2 islands with around 80nm size are distributed uniformly in the amorphous carbon film. Sample 

1 has some adsorbed atoms visible, marked with yellow circles, and Mo defects in white circles in figure 

4.3 (c). The TEM image (figure 4.3 (d)) shows that sample 1 is 1H phase according to the intensity profile, 

where Mo–Mo spacing is around 5.5 Å and S peaks have obvious intensity due to the overlap of two sulfur 

atoms in the 1H phase199,200. 

To summarise, sample 1 is a uniform amorphous carbon film with 1.8 nm thickness doped by 1H-MoS2 

flakes with around 80nm size. The carbon source responsible for the growth of this layer during synthesis 
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is unknown, possible sources include pump oil residues from the oxygen plasma asher step since it was 

later noted that the intensity of the two carbon peaks visible in the Raman spectra of samples reduced 

obviously after this oil-lubricated rotary vane pump was replaced by a dry scroll pump. However, carbon 

could also originate from sulfur bulk, pump oil backstreaming from the furnace system or during the transfer 

process. According to the evidence provided by observations of sample 1, the temperature of 850°C and 

growth time is sufficient only to form initial monolayer nano-sized nucleation clusters. In the next steps I 

will try to perform more extensive epitaxial growth by raising the temperature.   

 

Figure 4.3 (a-c) STEM images of sample 1 on TEM grid, scale bars are 400, 25 and 4nm. Yellow and white 

circles show the adsorbed atoms and defects. (d) TEM image of sample 1, scale bar is 5nm. The inset is 

zoom-in image of red square. The top panel is the intensity profile taken along the red line in the inset. (a-

c) were got by Daniel Kelly’s help and (d) was got by Anton Lyksborg-Andersen’s help.  
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4.3.2 Monolayer MoS2 growth at 850°C - 950°C 

Epitaxial growth of monolayer MoS2 with high coverage was successfully achieved at 850°C-950°C. The 

substrate details and growth conditions are the same as for sample 1 (1 nm Ni, 30 min annealing time, 

850 °C growth for 20 min) but followed by an extended growth ramp step of 850-950 °C growth for 30 

min. The MoS2 was named sample 2 and its structure was characterized as follows. Figure 4.4 (a) shows 

optical images. Microscope image with 5x magnification shows the size of monolayer MoS2 is more than 

2 mm. Microscope image with 100x magnification shows the covered percent is more than 80%. Rounded 

or teardrop shaped voids in the MoS2 layer are due to the lack of growth on the surface of Au island as 

shown in figure 4.4 (b), which result from Au atoms that are squeezed out of the top layer Au due to the 

formation of a stable Au-Ni surface alloy201. Besides, white crystals with a size of a few microns were 

grown, ascribed to NiS. There will be detailed discussions on NiS crystal growth in the following 

paragraphs.  

Figure 4.4 (c) shows the Raman spectra of two position with black and red circle shown in figure 4.4 (a), 

which correspond to pure MoS2 and NiS/MoS2. Pure MoS2 shows a distinct pair of monolayer peaks with 

17.4 cm-1 difference. NiS/MoS2 has a pair of bilayer peaks with 21.2 cm-1 difference202. Figure 4.4 (d) shows 

the AFM image. The size of domains are around 2µm with parallel edges as shown by straight blue lines, 

which confirm the epitaxial growth process due to the lattice match on Au(111) surface arising at 850°C118. 

Bright particles indicated with red circles originate from polymer residue from the transfer process. Lesser 

bright points in the center of the domain indicated with a white circle may be from MoS2 bilayer and trilayer 

nucleation, where high temperatures favor the nucleation and growth of few layer region203.  

Figure 4.5 (a-c) shows cross-sectional TEM data from a focused ion beam lamella specimen from NiS/MoS2, 

with a step of NiS/MoS2 and MoS2 on the substrate. Figure 4.5 (a) shows the crystal structure of NiS on the 

bottom of MoS2 layer. And the interlayer distance of 0.64 nm is displayed in the bilayer MoS2 (white curve), 

which is consistent with the Raman result204. In the step of NiS/MoS2, there can be seen trilayer MoS2 

regions as indicated in the yellow square of figure 4.5 (b). The bottom layer of trilayer MoS2 transitions the 

NiS phase. The monolayer MoS2 on the substrate was confirmed in figure 4.5 (c), where the black area is 

SiO2.  Therefore, monolayer MoS2 epitaxially grow with 2µm at 850-950°C with NiS growth and phase 

transition of Au surface. On the other hand, MoS2 growth are different on the top and side of NiS crystal. 

The following are discussions about NiS crystal growth and parameter influence such as reaction 

temperature, annealing alloy time, running gas, Ni thickness and growth time.  
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Figure 4.4 (a) Optical microscope image of sample 2 on SiO2/Si substrate with 100x magnification, scale 

bar is 20µm, the inset is optical image with 5x magnification, scale bar is 500µm. (b) SEM image of the 

sample growth in 930°C, where black triangle is MoS2 and white area is Au, scale bar is 2µm. (c) Raman 

spectra of sample 2, where the Si peak is calibrated to 520 cm-1. Black and red data are collected from black 

and red circles in (a). (d) AFM image of sample 2, scale bar is 2µm.  
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Figure 4.5 (a-c) Cross-section TEM images of MoS2 on NiS crystal, NiS crystal side and SiO2/Si substrate, 

scale bar is 10, 20 and 20nm. The inset in (a) shows the different positions of cross-section TEM. The 

images was got from Anton’s help.  

 

4.3.3 NiS crystal growth 

Figure 4.6 (a) shows the Raman spectra of NiS/MoS2. Compared to pure MoS2 Raman, there are two new 

peaks at 290.6 and 342.7 cm-1. The two peaks seen are a good match for the A1(2) and E(1) of NiS205–207 



49 

 

previously observed in the literature. However, NiS exist in two forms: a hexagonal structure (α phase) and 

a rhombohedral structure (β phase). There is no obvious difference between the two phases in their Raman 

spectra208. Figure 4.6 (b) shows cross-section TEM of the NiS particle. The lattice spacing of 0.54 nm 

matches that published for the α phase of NiS of 0.53 nm209,210. Besides, the α phase is stable at high 

temperature while the β phase transitions to α phase at temperatures higher than 379°C210,211. An unexpected 

large spacing of 0.76 nm can be seen at a particular location in the crystal lattice, as shown by white dashed 

lines, which may originate from MoS2 layer, Mo layer or Ni layer intercalation– this would need further 

characterization to confirm. Figure 4.6 (c) shows the stick-and-ball crystal structure of non-layered 

hexagonal NiS.  
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Figure 4.6 (a) Raman spectra of NiS/MoS2, The inset is an optical image of MoS2 grown on Au, scale bar 

is 10µm. Red circle is the collected area. (b) Zoom-in cross-section TEM image of NiS crystal. The white 

dash line is boarder space in crystal with 0.76 nm distance. The inset is that original cross-section TEM, 

scale bar is 20nm. (c) Stick-and-ball crystal structure of α phase NiS, adapted from [209]. (b) was got from 

Anton’s help. 

 

4.3.4 Growth condition influence 

4.3.4.1 Ni thickness 

Ni, as an edge modifier of MoS2, influences the crystal evolution process, which here is investigated by 

different amount of Ni. Figure 4.7 (a-e) shows MoS2 grown on Au/sapphire substrate with different 

thickness Ni. Other growth conditions are same. Once Ni is added, the new Au islands (white circles) and 

NiS crystals (blue circle) appear compared to MoS2 without Ni assistance (figure 4.7 (a) and (b)). It 

confirms that additive Ni induced the formation of Au islands due to Au-Ni surface alloy201. According to 

figure 4.7 (b-e), the density of NiS crystal increases with increasing Ni thickness and the size of NiS crystals 

have no obvious difference, which determine the amount of Ni is not obvious factor in the size of NiS 

crystal. Figure 4.7 (f) shows Raman spectra of the different MoS2. The intensity of typical MoS2 peak on 

Au is lower than MoS2 transferred on SiO2/Si substrate due to the existence of covalent-like quasi-bonding 

between Au and MoS2
212. Especially, 𝐴1

′  Peak, the out-of-plane vibration, is sensitive to this bonding. Once 

adding the Ni, the intensity of two peaks increase obviously. So Ni is helpful to the growth of MoS2. But 

the intensity reduce when Ni thickness is 4 nm, that shows that excessive thickness of Ni suppresses MoS2 

formation. The previous research reported similar phenomenon, excessive Ni prefer Ni3S4 formation rather 

than MoS2 growth. The overall mechanism is still not clear26.  
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Figure 4.7 Optical images of MoS2 grown on Au/sapphire with (a) 0, (b) 1, (c) 2, (d) 3 and (e) 4 nm thickness 

Ni at 850°C for 40 min. Scale bar is 20µm. (Color difference is due to different microscope setup.) (f) 

Raman spectra of the MoS2 on Au/Sapphire substrate. The inset is intensity of E’ peaks of MoS2 based on 

different thickness Ni with three measurements.  
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4.3.4.2 Growth time 

Growth time is an important factor to influence the coverage fraction of 2D materials in CVD. Here, the 

MoS2 transferred on SiO2/Si substrate with different growth time at 850°C was shown in figure 4.8. The 

dark particle is MoS2. According to figure 4.8 (a) and (b), density of grains (and therefore of nucleation 

sites) becomes high with long growth time, which leads to high coverage rate. There are a few NiS crystal 

(white circle) grown, which illustrate that MoS2 has higher growth priority thanks to higher Mo-S bond 

strength compared to Ni–S bond in NiS207,213. Besides this, the grain size does not change obviously. It 

indicates that only nucleation of MoS2 occurs at 850 °C, without extended appreciable epitaxial growth. 

Compared to 40min growth, the density of MoS2 nucleation did not increase, which means the growth 

process at 850°C is a thermodynamic equilibrium process instead of a thermodynamic kinetic process. 

Generally, for nucleation at the vapor–solid interface, thermodynamic equilibrium processes dominate the 

growth at high temperature and thermodynamic kinetic process dominate low-temperature growth process 

due to sufficient supply of precursors and fast mass transport in the solid-vapor interface98. On the other 

hand, there are more NiS crystals (white circle) in MoS2 with 60min growth (figure 4.8(c)), which is 

explained by continued NiS crystal growth after MoS2 achieves growth equilibrium.  

I further analyze the samples via Raman spectroscopy in order to find out the layer number of MoS2.  Figure 

4.8 (d) shows Raman spectra focused on MoS2 nucleation. Two typical peaks confirm MoS2 growth. And 

the inset shows the difference between the peaks of three samples are both below 20cm-1, providing strong 

evidence of pure monolayer nucleation center formation at 850°C. 
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Figure 4.8 Optical images of MoS2 grown at 850 °C for (a) 20, (b) 40 and (c) 60 mins with 1 nm thickness, 

scale bar is 20µm. (Color difference is due to different microscope setups.) The dark particle is MoS2 and 

the crystal in white circle is NiS. (d) Raman spectra of different samples. The inset is different E’ and A1′ 

peaks based on different growth times with three measurements. 

 

4.3.4.3 Growth temperature 

Temperature is an important factor in controlling the growth process by affecting chemical reaction, sulfur 

vapor diffusion, the flow of carrier gas and mass transport near the solid surface. This part discusses the 

temperature effect on MoS2 growth. Figure 4.9 (a-e) shows optical images of MoS2 under conditions of 

different growth temperature. When the growth temperature is increased to 910 °C, the sample has higher 

coverage rate (figure 4.9 (b)). This arises from more nucleation and epitaxial growth at 910°C. When growth 

temperature reach 950°C, there are bigger grains, more widely spaced from each other as shown in figure 
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4.9 (c). It can be explained by the effect of Ni. Mo and S atoms readily transport across the MoS2 edge due 

to the above modification of MoS2 edge planes by Ni atoms, then Mo and S atoms add a growing crystal 

and remove from a shrinking one26. When growth temperature is held at 950°C for 5min, MoS2 grows to 

cover the whole substrate except the Au island area (figure 4.9 (d)). Additionally, areas with high contrast 

(red circles) appear on the sample, probably the result of bilayer nucleation. So 950°C is the temperature of 

multilayers growth. Figure 4.9 (e) confirms this by showing full-coverage MoS2 with higher contrast in 

growth at 950°C for 30min. Multilayer nucleation is widespread as indicated by many dots.  

Raman spectra of the samples are analyzed. Figure 4.9 (f) shows the changing of the wavenumber difference 

of E' and A1' (𝐴1𝑔 and 𝐸2𝑔
1 ) and intensity ratio of E' (𝐸2𝑔

1 )/Si peaks. Sample c has the lowest difference of 

two peaks, which is attributed to intact crystal structure. Difference of sample d and e are 20.9 and 22.9 

cm-1 respectively, further confirming the growth of few layer MoS2. The inset shows the trend of increasing 

of two peaks distance. Comparison between ratio of MoS2 and substrate peaks show higher temperature 

results in more MoS2 growth.  
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Figure 4.9 Optical images of MoS2 transferred on SiO2/Si substrate, grown at (a) 850°C for 40 min, (b) 

850°C for 30 min and 850 to 910°C for 50 min, (c) 850°C for 30 min and 850 to 950°C for 30min, (d) 

850°C for 30 min, 850 to 950°C for 30 min and 950°C for 5 min and (e) 850°C for 30min, 850 to 950°C 

for 30 min and 950°C for 30 min. Other conditions are same. The numbers in the images refer to growth 

temperature and time. Scale bar is 20µm. (f) Analysis of difference of E' and A1' (𝐴1𝑔 and 𝐸2𝑔
1 )and intensity 

ratio of E' (𝐸2𝑔
1 )/Si in Raman data for those five samples, Raman data of sample (a-c), (d) and (e) were 
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collected from three, four and two times measurements. Si peaks are calibrated at 520cm-1. The inset is 

normalized Raman spectra.   

 

4.3.5 Growth process 

According to above analysis, the growth process of MoS2 can be described as in figure 4.10. With 

temperature increasing into 850°C, Mo atoms diffuse into Au phase to form an alloy with Au (111) surface. 

Sulfur atoms in the vapor phase diffuse to the substrate area. Monolayer MoS2 nucleation centers start to 

grow on the solid surface. During the process of reaction temperature increasing into 950 °C, monolayer 

MoS2 epitaxially grows and nucleation centers of few layer MoS2 start to grow. At 950°C, few layer MoS2 

epitaxially grows and nucleation centers of multilayer MoS2 start to grow. At the same time, accompanying 

NiS crystals are formed and grow, with the size becoming large with increasing reaction time and 

temperature. Overall, Ni as an additive to assist the growth process can successfully permit larger area MoS2 

growth, but also induces the generation of Au islands and NiS compounds.  

 

Figure 4.10 Summarized growth process regimes of MoS2 in interface limited growth with Ni assistance. 

 

4.3.6 CrS2 growth 

Since Cr oxides is very stable, CrS2 is hard to synthesis once there are oxygen in growth environment. I 

tried to grow CrS2 by swapping Mo for Cr, here Ni deposited on Au/Cr substrate not only protect Cr from 
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oxidation but also modify edge possibly. At time of writing there are four literature reports of CrS2 growth, 

which I use here to determine the structure of CrS2.  Figure 4.11 (a) shows the optical image of CrS2 grown 

on Au(111)/sapphire substrate at 600°C. The blue area shows the CrS2 crystal. The sample consists of many 

small-sized grains with different layers as shown in the different contrasts of the blue area. SEM image 

shows the size of grains is below 200 nm and the layer number are significantly different (figure 4.11 (b)). 

Figure 4.11 (c) shows that Raman spectrum of the sample shows the four peaks located at 251.4, 289.0, 

351.7 and 364.7 cm-1, which are associated with the 1T or 1T′ phase of CrS2
193,195. There is no more detail 

to accurately assign the observed Raman modes in CrS2. Indeed, rhombohedral Cr2S3 has similar Raman 

spectra with 1T CrS2 since rhombohedral Cr2S3 also possesses a hexagonal structure and it can be seen that 

the Cr atoms regularly intercalate the interlayer of Cr-defective 1T CrS2 with strong covalent bonds214,215. 

Here, referring to the Raman spectrum of Cr2S3, the two peaks located at 251.4 and 351.7 cm-1 are 

distributed to in-plane vibrational Eg modes and the two peaks located at 289.0 and 364.7 cm-1 are 

distributed to out-of-plane vibrational Ag mode215. However, Raman spectra are not enough to distinguish 

CrS2 and Cr2S3. XRD is used to distinguish between these two possibilities. Figure 4.11 (d) shows that XRD 

pattern of the sample has three peaks. Among them, the peaks at 2θ of 38.3° and 41.8° represent the Au 

(111) and sapphire substrate peaks216–218. When layered materials are grown along c-axis on the substrate, 

a prominent (002) peak is observed especially for TMDCs219,220. It is different from the XRD spectra of 

Cr2S3, which has four peaks214. According to the peak at 2θ of 15.9°, the spacing of lattice, d, is 0.55nm 

by Bragg’s law, 𝑛𝜆 = 2dsinθ, where 𝜆 is the wavelength of incident X-ray. The lattice spacing is close to 

experimental HRTEM data of Cr-Cr spacing in CrS2 multilayer, 0.5nm, which strongly supports the 

successful synthesis of layered CrS2
194. Figure 4.11 (e) shows normalized Raman spectra of CrS2 grown at 

different temperatures. With growth temperature increasing, the Raman peak at 251.4 cm-1, the in-plane 

vibration mode, is reduced. 600°C is considered the proper growth temperature. It is interesting to note that 

the theoretically predicted 2H phase peaks at 391.4 and 405.6 cm-1 are not visible in any samples and there 

are no experimental reports showing dominated 2H phase in multilayer CrS2
193,221. Since 1H is the most 

stable phase in single layer222,223, the hypothesis would be that the 1T phase is more stable in multilayer 

CrS2. It needs more experiments and theory to prove.  

Figure 9.11 (f) shows that optical image of CrS2 after etching transfer. There are many obvious cracking, 

lots of particles and various area with contrasts, Raman and XPS spectra were used to characterize the 

sample. Figure 4.11 (g) shows the Raman spectra. The intensity of typical peaks in CrS2 becomes weak, 

and they even disappear. The optical image shows a high contrast. The high-resolution XPS spectrum of 

Cr 2p is investigated in figure 4.11 (h). There are four peaks, where the peaks at 576.3 and 586.0eV are 

suggested to Cr (IV) 2p3/2 and 2P1/2
193,194. And two other peaks at 579.1 and 589.1eV are ascribed to Cr (VI) 

2p3/2 and 2p1/2, confirming that CrS2 was oxidized224,225. The reason is that KI/I2 etchant can etch Cr. This 
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part proves the successful synthesis of full-coverage 1T CrS2 with small grain size. However, that Au 

etchant oxidizes CrS2 in transferring process influence further application.  

 

 

Figure 4.11 (a) optical image of CrS2 grown on Au(111)/sapphire substrate, scale bar is 20µm. (b) SEM 

image of CrS2, scale bar is 200nm. (c) Raman spectra and (d) XRD pattern for CrS2. (e) Normalized Raman 

spectra of CrS2 grown at 600, 700, 850 and 950°C. (f) Optical image of CrS2 after etching transfer, scale 

bar is 20µm. (g) Raman spectra of CrS2 after etching transfer. (h) High-resolution XPS spectra of Cr 2p in 

CrS2 after etching transfer.  
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4.4 Conclusion 

Interface limited growth has a huge potential for the growth of 2D binary M-X materials of arbitrary 

combination with no precursor restrictions. However, the low coverage rate and uncontrollable layer 

number of sample limit its application. Here, metallic Ni was added as a catalyst to improve the size of the 

MoS2 monolayer grain successfully. The influence of growth temperature, growth time and Ni amounts 

were investigated. Growth temperature is an important parameter affecting the layer number, coverage ratio 

and the grain size. Growth time does not influence the growth process after reaching a thermodynamic 

equilibrium. And low Ni amounts can promote the growth of MoS2 but the excessive Ni can suppresses 

MoS2 formation. However, there are introduced challenges with additive Ni such as the generation of Au 

islands, where MoS2 cannot grow, and the growth of accompanied NiS crystal, which is an unwanted 

contaminant crystal byproduct that survives transfer. On the other hand, layered 1T CrS2 with full coverage 

was successfully produced and characterized. But its transfer is a challenge since the Au etchant used in the 

transfer process appears to oxidize CrS2. In the future, a new transfer based on mechanical exfoliation by 

e.g. A metal layer with an accessible phase transition solid-liquid (so that it can be easily removed) can be 

used to isolate the monolayer from CrS2 growth multilayer. Finally, the lack of growth of 2H CrS2 phases 

is intriguing and requires further study.  
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5. Transferring of oxide membranes and metal contacting 

 

This chapter is based on the published article “Stacking and Twisting of Freestanding Complex Oxide Thin 

Films” published in Advanced Materials in July 2022 https://doi.org/10.1002/adma.202203187, in order 

to provide more details on the fabrication process for the oxide heterostructures and add related 

information on contact transfer. I was responsible for developing the novel techniques needed to transfer, 

stack and twist these oxide materials, along with optical characterization of the samples. 

 

5.1 Introduction 

Complex metal oxides such as transition metal oxides have a broad application in electronics and ionic 

devices226–230. There are novel physical phenomena existing at the interface between two different metal 

oxides such as superconductivity, thermoelectricity, and ferromagnetism among many others228,229,231. 

Epitaxial growth used to be a normal way to produce heterointerfaces with some limitations such as the 

special requirement about similar lattice parameters, the thermodynamic stability of individual parent 

compounds, chemical bonding with the growth substrate and mutual interfacial doping232–234. Recently, new 

methods on transferring oxide membranes from the growth substrate support a new means to produce 

heterointerfaces. The oxide membrane grows on sacrificial layers and is separated by selective etching and 

transferring235,236. Then stacking artificially can make selective heterointerfaces. However, large areas, 

crack- and wrinkle-free transfer and cleanness of interface are still a challenge236–238.  

Here, we combined transfer techniques of 2D materials and epitaxial lift-off methods using selective etching 

of sacrificial layers to transfer millimeter scale, high quality and low interfacial residue of the perovskite 

SrTiO3 (STO) and fluorite Gd doped CeO2 (Ce0.8Gd0.2O1.9, CGO) in the form of freestanding films – 

transition metal oxide representatives of the class of semiconductor and ionic electrolytes respectively. 

Moreover, we for the first time created artificial oxide stacks including STO/STO, CGO/CGO and 

STO/CGO with a controlled twist angle by a ‘fixed corner’ approach.  

Here I also introduce a new development of metal contact transfer by wedging transfer technique. Metal 

contact transfer avoids damage from thermal evaporation and simplifies the production process for 

electronic devices. It is later employed to produce soft devices based on 2D materials in this thesis 

dissertation.   

https://doi.org/10.1002/adma.202203187
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5.2 Methods 

5.2.1 Thin Film Preparation 

STO and CGO films with various thicknesses were grown epitaxially on the water-soluble Sr3Al2O6 (SAO) 

sacrificial buffer layer on a (001)-oriented STO substrate by pulsed laser deposition (PLD) using a KrF (λ 

= 248nm) excimer laser. First, the (001)-oriented SAO sacrificial film was deposited on (001)-STO 

substrate at 750°C with an oxygen pressure of 10-5 mbar. Subsequently, the STO and CGO films were 

grown on SAO at 700°C with an oxygen pressure of 5×10-4 mbar and 5×10-3 mbar, respectively. Such 

conditions are crucial to fabricate high-quality SAO interlayer and guarantee the element ratio of 3:2:6 in 

the SAO film, to promote its water solubility. The laser energy density is 2.2 J/cm2. The repetition rate is 

1Hz. This part was from Haiwu Zhang’s help.  

5.2.2 The lift-off, transfer, and stack process of oxide thin films 

Cellulose acetate butyrate (CAB) is used as the support layer (20g/100ml in ethyl acetate). A CAB film is 

spin-coated on a bare Si substrate. A section of the CAB film is peeled off using tweezers and placed on 

the sample. This assembly is then heated to 140℃ for 15 minutes to increase the adhesion. We then carved 

grooves on the sample surface and immersed the whole sample into deionized (DI) water at room 

temperature for 2h. After the freestanding oxide film together with the CAB was released from the substrate 

by dissolving SAO, it was transferred to the target substrate by scooping it up off the water surface. This 

was followed by immersing the target substrate and the freestanding oxide in acetone to remove the CAB 

layer and cleaning it with isopropyl alcohol (IPA). The stacking process used to introduce a controllable 

twist angle is shown in figure 5.1. The transfer procedure was repeated using an optical microscope and a 

micromanipulator to control the second layer azimuth during stacking. After the DI water had dried 

completely, the second layer was positioned onto the bottom layer with a target twist angle. Then IPA was 

used to fix the four corners of the second layer. A final fresh CAB film layer was placed over the entire 

stack and fixed in place by IPA droplets, partly dissolving and ‘gluing’ the covering layer in place. This 

secures the assembly in place during the final steps. The assembled stack was heated at 140℃ for 15 

minutes and finally soaked in acetone to remove the CAB layers. The membranes and stacks were post-

annealed at 650℃ in oxygen and then kept in a protective N2 atmosphere. 
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Figure 5.1 The scheme of stacking oxidation layers with controllable twist angle, taken from appendix B.   

5.2.3 Metal contact transfer 

A layer of PMMA was spin-coated on top of a bare Si substrate and then patterned by electron beam 

lithography. After the development in MIBK/IPA solvent, metals were deposited using thermal evaporation 

at 10-7 mbar, followed by the overnight lift-off in acetone at room temperature. Then CAB film was spin-

coated onto metal contacts and baked at 80℃ for 5min to remove solvent. The CAB layer adheres more 

strongly to the metal than the metal does to the substrate if not adhesion layer of e.g. Cr is used. Cutting 

and mechanically lifting away the CAB allows the metal contacts to be released from the fabrication 

substrate, and to be transferred on the top of target sample by the established wedging transfer method124. 

After baking at 120℃ for 15min, CAB film was removed in hot acetone.  

5.3 Results and discussion 

5.3.1 The oxide membranes transferring 

The STO and CGO membranes transferred on TiN/Si substrate and sapphire substrate were characterized 

and published in the paper ”Stacking and Twisting of Freestanding Complex Oxide Thin Films”, seen in 

appendix B239. Figure 5.2 (a) and (c) show the optical images of STO and CGO membranes with the size 

of  2027 and 1216 µm. Figure 5.2 (b) and (d) show the high-magnification images of the red outlined square 

in (a) and (c). There are still tears, defects and cracks induced from transferring process due to the stress 

during the release of the support CAB layer. Figure 5.2 (e) and (f) show the AFM images before and after 

transferring. The terraced morphology is attributed to layer-by-layer growth in PLD technology, and a 

consistent root mean square roughness (RMS) and retained terraced morphology confirm the quality of the 

transfer. Figure 5.2 (g) shows the XRD spectra before and after transfer. After transfer, there are new peaks 

which can be attributed to the Si substrate and a remaining STO peak at 2θ = 46.5° (red line) showing strong 

evidence of single-crystallinity, corresponding well to the spacing of STO (002) plane is 0.195nm by 
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Bragg’s law239. Figure 5.2 (h) shows the zoom-in spectra between 44° and 49°. The STO peak become weak 

due to strong Si peaks and the SAO peak disappears due to a successful selective etching.     

 

 

Figure 5.2 Optical microscope images of (a) the millimeter-scale STO membrane with 30nm thickness and 

(c) the CGO membrane with 40nm thickness transferred on TiN/Si substrate and sapphire substrate, 

respectively. The scale bars are both 500µm. (b) and (d) optical images of the red outlined area in (a) and 

(c) with high magnification. (e) And (f) AFM images of STO films before and after transferring. The RMS 

are 0.184nm and 0.215nm, respectively. The scale bar are both 400nm. (g) and (h) XRD spectra of the STO 

membrane before and after transferring, taken from appendix B. 

 

5.3.2 Oxide membrane stacking 

CGO/CGO, STO/STO and CGO/STO stacking were produced successfully and characterized in Figure 5.3, 

published in the above paper239. Figure 5.3 (a-c) shows the optical images, where the left is the bottom layer 

and the right is the top layer. The top layer has more cracking due to existing external force from CAB film 

in the stacking process. When the four corners of the second layer are fixed by IPA, the CAB film has local 

bending. With melting the top CAB film at 140°C, the CAB film becomes flat and squeezes the carrying 

oxide layer. STO and CGO membrane break along lattice orientation due to brittle deformation, resulting 

in parallel cracking (crack formation is expected in samples with over 2.5% strain in STO membrane with 

14 nm thickness238). The inset of them are low-magnification images, which confirm large-scale stacking. 

Thickness profiles show the step with around 30 nm and 40 nm as same as the thickness of the top layer, 
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showing no notable gap between layers. Cross-section TEM clearly describes the interlayer. In the case of 

STO/STO stacking, figure 5.3 (e) and (f) shows low magnification TEM images, which indicate a flat 

interlayer without any wrinkles. The high-magnification TEM image shows the top layer with a line plane 

and the bottom layer with a points plane (figure 5.3 (g)), indicating stacking with a twisted angle. There are 

atoms existing in the local interface (yellow square), confirming bonding between the top and bottom layers. 

This is evidence of an atomic reconstruction at the local interfaces during the stacking and annealing process.  

 

Figure 5.3 (a), (b) and (c) show the optical images of CGO/CGO, STO/STO and STO/CGO stacking. The 

inset of them are low magnitude of optical images with corresponding samples, respectively. The bottom 

images below the optical images are AFM images of the step position and the corresponding height profiles. 

(d) Optical image of STO/STO stacking, where the red rectangle is the area measured by cross-section 

TEM. (e-g) Cross-section TEM images from low to high magnitude. Yellow squares are the atomic bonding 

areas in (g), taken from appendix B.  
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5.3.3 Oxide membrane twisting 

Optical images and XRD spectra are used to confirm the twist angle of stacking and are published in the 

above paper239. Figure 5.4 (a-c) show optical images of the corner of CGO/CGO and STO/STO stacking. 

The angle is measured in the optical image by the edge of the top and bottom layers due to the same lattice 

orientation. To further confirm the real angle of stacking, STO/STO stacking was characterized by In-plane 

XRD phi-scan. STO layer 1 and STO layer 2 have diffusion peaks per 90 degree in-plane rotation due to 

cubic crystal structure240. The difference between the two layers is 10.4° (or 79.6°), which is close to the 

design angle of 10° (or 80°). Figure 5.4 (e) shows the XRD spectrum of the stacking area. A single peak of 

STO (002) plane at 46.5° confirms the single-crystallinity of the top and bottom layers. Figure 5.4 (f) 

investigates the tracer diffusion coefficient (D*) for oxygen ions in the near interface region of the 

STO/STO stack as a function of twist angle, which is calculated by molecular dynamic theory. Diffusion 

behavior of oxygen ions changes at special angle (θ1, θ2, θ3, θ4; θ*
a = 90 - θa due to symmetry), which is 

similar to the “magic angle” in twisted graphene bilayer. The reason for this is the expected presence of 

periodic moiré potential in the interface due to twisted lattice, influencing the position of oxygen vacancies 

and the diffusion path.     

 

Figure 5.4 (a-c) Optical images of CGO/CGO stacking with 90°, CGO/CGO stacking with 45° and 

STO/STO with 100°. (d) The In-plane phi-scan of STO layer 1 (red square in (c)) and STO layer 2 (blue 

square in (c)). The inset is zoom-in image of Phi-scan degree from 90° to 115°. (e) XRD spectra of 
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STO/STO stacking. (f) Tracer diffusion coefficient (D*) for oxygen ions in the near interface region of 

STO/STO stack as a function of twist angle by molecular dynamic (MD) calculations, taken from appendix 

B. 

 

5.4 Discussion 
I tried with a lot of success also to transfer many other transition oxide membranes including SrRuO3 (SRO), 

BaTiO3 (BTO), oxide heterostructures SRO/BTO, BTO/STO/BTO and CGO/Er0.4Bi1.6O3(ESB)/CGO. 

Millimeter-scale transfer was almost always successful but the quality need to be improved: the transferred 

membranes have lots of tears, cracks, wrinkles and impurities. In the transfer and stacking process, 

impurities originate from air, adsorbed from water, solvent and on the surface of membrane, substrate and 

polymer, leading possibly to small variations of surface roughness that breaking the membrane with the 

central cracking. When heating polymer to increase the adhesion strength, the polymer melts and shrinks. 

Induced bending in the membrane leads to parallel cracking. Non-uniform contact of polymer, membrane 

and substrate results in tears due to the roughness of the substrate and impurity. Oxides are usually inflexible 

since their ionic or covalent bonds with high binding strength cannot provide enough slip under strain, 

resulting in brittle deformation241. However, thinner oxide membranes can accommodate much larger strain 

due to high atomic displacement tolerance due to the reduction in dimensional thickness and balance of 

different phase competitions under large strain238,241–243. When the thickness of STO reaches 10 nm in our 

experiments, only a small part of discontinuous membranes is possible to transfer. This may also be due to 

possible non-uniform growth thickness in the PLD process. I tried to transfer to different target substrates 

including indium tin oxide coated polyethylene terephthalate (ITO-PET), bare Si, polished Pt foil, SiO2/Si, 

TiN/Si and sapphire substrates. CAB/transition metal oxide membranes do not attach well to Pt foil, which 

may be from considerable roughness due to mechanical polishing used in preparation of such foils. I have 

found that keeping a smooth and clean surface of the substrate is critical. Beyond this, CAB needs to be 

optimized by thinning the layer or by mixing with other molecules to tailor the mechanical properties for 

transfer.  

  

5.5 Metal contacts transfer 
In the traditional 2D materials device fabrication process, thermal or electron beam evaporation is used to 

make metal contacts. However, the repeated bombardment of 2D materials by high-energy metal atoms 

leads to damage and defects in MoS2. In the case of MoS2 soft devices made here, every device needs at 

least one round of standard fabrication procedures including lithography, developing, lift off and deposition 
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after transferring MoS2 on PET substrate, that requires a large time investment. As a result I chose to 

develop a metal contact transferring method to avoid complicated processes by preparing a large number 

of electrodes at once, and then transferring the contact onto MoS2 monolayer/PET substrate. The adhesive 

strength of Cr commonly used in metal deposition is too high to be peeled off by CAB polymer. Here, Ag 

is instead selected as an adhesive layer due to the lower adhesion of Ag onto silicon layers. Ag electrodes 

also have a better work function match for MoS2 than Au. Thus, Ag/Au is prefabricated onto a bare Si 

substrate as shown in figure 5.5 (a). Wedging transfer is used to transfer metal contacts due to low bending 

and excellent adhesion of the contacts to CAB, especially when compared to PPC/tape and other dry transfer 

techniques I have tried. The MoS2 I used here is produced by Au exfoliation and transferred to PET by 

wedging transfer. Contacts were transferred onto MoS2 as shown in figure 5.5 (b). The contacts remain 

intact and have some obvious steps due to the thick MoS2 flakes. Figure 5.5 (c) shows electrodes placed on 

the monolayer position (red dash line). Two - point measurements are used to check if the circuit is intact. 

Figure 5.5 (d) shows the current from contacts 1/4, 2/5 and 3/6. The currents seen in contact pairs 1/4 and 

2/5 for a 1V bias are both around 500pA, similar to previous results from references82. The output 

characteristic curves show a linear relationship between bias and current, confirming the intact circuit. 

Residues from transfer and the high roughness of the PET substrate may also influence the transport 

properties. The current seen in contacts 3/6 is around 3.5nA when a positive bias of 1V is applied, which is 

higher than others. An explanation could be that one or both of contacts 3 or 6 have low contact resistance, 

allowing more electrons to flow. The non-linear increase also suggests a Schottky barrier like rectifying 

behaviour. Such a barrier could arise from water accelerated oxidation of Ag in the wedging transfer process. 

Instead we try a pure 50nm Au contact transfer with simple design of 30µm channel. Figure 5.5 (f) shows 

the contacts successfully placed on MoS2/PET substrate and maintaining complete shape. Figure 5.5 (g) 

shows the channel of MoS2 has monolayer part and bilayer part. Figure 5.5 (h) shows the IV curve of the 

device with 1 voltage bias. Current of 10nA confirms the intact circuit. Different current in negative and 

positive bias shows that the two electrode has different contact resistance or barrier characteristics.  

In summary, metal contact transfer is a useful available method to make devices, but the contact resistance 

need to be improved further by vaccum or inert annealing in low temperature for producing soft device due 

to low melting point (140°C) of PET, or a different choice of metals to reduce barriers and contact resistance. 
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Figure 5.5 optical images of (a) 50nm Au/5nm Ag on bare Si substrate, scale bar is 200µm. (b) The metal 

contact transferred on MoS2 monolayer/PET substrate, scale bar is 100µm. (c) High magnitude of the metal 

contact, scale bar is 10µm. (d) Output characteristics curves of the MoS2 device. 1/4, 2/5 and 3/6 represent 

the channel of MoS2 from the metal contact marked in (b). Optical images of (e) 50nm Au on bare Si 

substrate, scale bar is 500µm. (f) The metal contact transferred on MoS2 monolayer/PET substrate, scale 

bar is 100µm. (g) High magnitude of the metal contact, scale bar is 20µm. (h) Output characteristics curves 

of the MoS2 device.  

5.6 Conclusion 

In the chapter, the development and application of new transfer technologies of 2D materials as applied to 

oxide thin films and metal contacts was discussed. Millimeter-scale oxide thin films can be transferred to 

arbitrary substrates and oxides thin film stacking with controllable twisted angle were produced for the first 

time. However, improved ion transport in interface expected in theory was not observed in experiment due 

to a lot of cracking and impurities. The transfer method has a huge potential to activate more physical 

phenomenon in the field of twisted oxides thin film but need further optimization. Ag/Au and Au contact 

was successfully transferred on MoS2/PET substrate. The intact circuit was confirmed by transport 

measurements. It can simplify the fabrication procedure of piezoelectric soft device in the future. However, 

contact resistance need to be improved further.    
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6. Piezoelectric measurement of MoS2  

6.1 Introduction  

Since the first in-plane piezoelectricity measurements of single atomic layer MoS2 were presented in 201439, 

there has been continuous research about piezoelectricity of doping, defective, defect‐passivated, grain-

boundaried, centimeter-scale, orientation dependent and freestanding MoS2
35,40,49,50,244–248. Here, we choose 

MoS2 as the first test type of TMDC to observe piezoelectricity in due to a large existing body of literature 

on the phenomenon, to run the whole procedure from single layer synthesis to the fabrication of soft devices 

to test on a custom built piezoelectric measurement platform.  

This chapter introduces strain calculations for the devices, analysis of reading reliability in electrometer, 

background signals in bending flexible substrate, the design and fabrication of soft devices based on 2D 

materials, test results and analysis of Au-exfoliated MoS2 and twisted bilayer MoS2.  

6.2 Method 

6.2.1 Au exfoliation of MoS2 monolayer 

To produce large areas of MoS2 by exfoliation, an Au-assisted tape exfoliation method is used here. Au 

with 50 nm thickness was thermally evaporated onto a bulk MoS2 crystals exfoliated onto Scotch adhesive 

tape. Thermal release tape was adhered to this gold layer and then used to peel off gold along with the 

uppermost monolayer of MoS2, which was then adhered MoS2 side down onto a clean SiO2/Si substrate. 

The substrate and tape is then placed on hotplate at 130°C to release the thermally sensitive adhesive. 

Baking it at 150°C for 15 min increases the contact between MoS2 and the SiO2/Si substrate. The substrate 

was cleaned by O2 plasma to remove the tape residue for 5min. The encapsulating Au layer left behind by 

the thermal release tape was removed in diluted Au etchant (KI/I2) with mild agitation. DI water, acetone, 

and IPA were used to rinse the substrate to clean away the Au etchant. Finally, the sample was dried with 

N2.  

6.2.2 Piezoelectric soft device fabrication 

The steps of the process and design are shown in figure 6.1 (a). Firstly, Kapton tape was adhered to PET 

soft substrate and patterned by a laser cutter to use as a shadow mask. Cr/Au (5nm/50nm) was deposited 

on the front and back of the PET substrate: the front side deposition was used to define metallic contact 

pads and wires, and the backside deposition was done to prevent the buildup of surface charge on the surface 

of the PET substrate. The Kapton tape masking layer was removed and the substrate was cleaned in hot 

acetone (step 1). Then monolayer MoS2, followed by with pre-pattered intermediate metal contacts (defined 

by electron beam lithography and UV lithography) were transferred on the substrate using wedging transfer 
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one by one (step 2)124. The pre-patterned contacts were made from Au without an adhesion layer so that 

they can be easily lifted from the deposition substrate and transferred on top of the MoS2. Conductive silver 

epoxy was used to make additional interconnects between the Au contacts evaporated on the flexible 

substrate and the wedging transferred predefined contacts (step 3). Then the device was placed on a hotplate 

in an Ar glovebox at 110°C for 1 hour for inert annealing (0–5 mbar). For twisted MoS2 devices, an 

additional MoS2 monolayer produced by Au exfoliation was transferred manually on the first MoS2 with an 

angle by wedging transfer. The twist angle was determined optically since the straight edge of the flake is 

predominantly zigzag terminated due to its energetic stability249,250.      

 

 

Figure 6.1 (a) Schematic of the process steps of the MoS2 piezoelectric soft device and (b) optical image of 

MoS2 in the flexible device 
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6.2.3 Piezoelectric output measurement system 

The system is composed of a linear motor (LinMot PS01-23×80-R), home-made electrometer based on a 

INA116 instrumentation amplifier, oscilloscope, Keithley 6517B electrometer, sample shielding box, non-

slip mat and computer. A photo of the set-up is shown in figure 6.2. The linear motor and its driver hardware 

allow a tunable strain process using the LinMot control software with stroke, acceleration, speed, time curve, 

etc. A long metal rod connected to the linear motor end was used to apply the bending. The sample box is 

made by aluminum to ensure that sample strain is happened in an electromagnetically shielded environment. 

Home-made electrometer with 200TΩ input impedance and INA116 amplifier is used to measure and 

amplify the voltage signal from MoS2 device, and an oscilloscope is used to record the voltage signal. Non-

slip mat is used to keep sample stable during the experiment. Keithley 6517B electrometer is used to 

measure direct current from device with range from 1pA to 21mA and Labview program is used to collect 

current signal. The strain is achieved by bending soft device, where there are stretching on front surface 

and compressing on back surface. The inset in right-top side is the internal photo of sample box to show 

the soft device under bending, where two metal clamps are used to connect the electrometer.  

 

 

Figure 6.2. Photo of piezoelectric output measurement system, the right-top is the photo of the inside of 

sample box during bending.  

 

6.3 Results and discuss 

6.3.1 Strain in soft device  

Figure 6.3 (a) shows the layout of the piezoelectric device design on substrate and side view under bending. 

The MoS2 flake bridges the gap between two electrodes. All parameters are shown in the figure 6.3 (a).  
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The touch point is in the center of the circle. The MoS2 flake will be stretched along the length direction 

when bending, due to the finite thickness of the underlying substrate. 

Figure 6.3 (b) shows the substrate across section during bending. We have:  

𝐿

𝜌
=

𝐿+ㅿ𝐿

𝜌+𝑧
                                                                              (17) 

Where 𝜌 is the radius of curvature, 𝐿 is length of central axis of substrate, 𝑧 is half of thickness, ㅿ𝐿 is 

stretching length of the front surface compared to central axis. The strain (𝜀 =
ㅿ𝐿

𝐿
) will plug in equation 

(17), we can get: 

𝜀 =
𝑧

𝜌
                                                                                 (18) 

Because  
1

𝜌
= 𝑢′′(𝑥), where 𝑢(𝑥) is bending length at x point, so 

𝜀(𝑥) = 𝑧𝑢′′(𝑥)                                                                            (19) 

According to beam equation( 𝑀 = −𝐸𝐼𝑢′′(𝑥) ), where 𝑀  is the bending moment, 𝐸  is the Young’s 

modulus of substrate, 𝐼 is plane moment of inertia, and 𝑀 = 𝐹(𝐿 − 𝑥), where F is the supplying force 

perpendicular to substrate surface at the position x = L, so 

𝑢′′(𝑥) =
−𝐹(𝐿−𝑥)

𝐸𝐼
                                                                         (20) 

𝜀(𝑥) =
−𝑧𝐹(𝐿−𝑥)

𝐸𝐼
                                                                         (21) 

We integrate the equation (20) and insert boundary conditions (𝑢(0) = 0 𝑎𝑛𝑑 𝑢′(0) = 0), 𝑢(𝑥) can be got 

as follow: 

𝑢(𝑥) = ∬𝑢"(𝑥) 𝑑𝑥 →𝑢(𝑥) =   
𝐹

6𝐸𝐼
𝑥3 −

𝐹𝐿

2𝐸𝐼
𝑥2                                            (22) 

When 𝑥 = 𝐿 (Slight slip of applying point by the rod is ignored), we can get: 

𝑢(𝐿) =
−𝐹𝐿3

3𝐸𝐼
                                                                         (23) 

We insert equation (23) into equation (21), the 𝜀 is: 

𝜀(𝑥) =
−3𝑧𝑢(𝐿)(𝐿−𝑥)

𝐿3                                                                  (24) 



73 

 

In our design, 𝑧 = −
𝑡

2
, 𝑢(𝐿) = 𝑑, 𝐿 = 𝑙, so: 

𝜀(𝑥) =
3𝑡𝑑(𝑙−𝑥)

2𝑙3
                                                                    (25) 

MoS2 is located at 𝑥 = 𝑎 to 𝑥 = 𝑎 + 𝑏  and we assume that there are no local strain. The equivalent strain 

ɛ𝐸  is as follows; 

𝑏ɛ𝐸 = 𝜀(𝑥1)𝑑𝑥 + 𝜀(𝑥2)𝑑𝑥 + ⋯+ 𝜀(𝑥𝑛)𝑑𝑥                                      (26) 

Where 𝑥1 to 𝑥𝑛 are the components of 𝑥 = 𝑎 to 𝑥 = 𝑎 + 𝑏. 

ɛ𝐸 =
𝜀(𝑥1)𝑑𝑥+𝜀(𝑥2)𝑑𝑥+⋯+𝜀(𝑥𝑛)𝑑𝑥

𝑏
= ∫

𝜀(𝑥)

𝑏
𝑑𝑥

𝑎+𝑏

𝑎
                               (27) 

Equation (25) is inserted, So: 

ɛ𝐸 =
3𝑡𝑑

2𝑙2
−

3𝑡𝑑

4𝑙3
(𝑏 + 2𝑎)                                                               (28) 

 

 

Figure 6.3 (a) Piezoelectric device design. The left is the side view under bending with the distance of d. 

The right is the top view. (b) Cross sectional image of the substrate under bending. 
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6.3.2 Parameter choice of Keithley 6517B 

Different parameter choices for measurement using the Keithley 6517B can give us different output signal. 

For the reliability of readings, zero corrections, measurement filter type, reading speed and measurement 

range was investigated according to their influence on the output data, while minimizing instrument noise.  

Zero correction is used by the 6517B to cancel any internal offsets that might interfere with the current 

measurements. The function is divided to two steps: (i) zero check and (ii) relative calibration. Zero check 

reconfigures the input amplifier to shunt the input signal to low and the charge dissipates through a 10 MΩ 

resistor, enabling a calibration measurement of 0 current. Relative calibration subtracts a user defined 

reference value from the displayed readings.  

Filtering stabilizes noisy measurements caused by noisy input signals. Keithley 6517B has two types of 

filter: digital and median. The readings of a soft device with no TMDC sample under different filter settings 

is shown in Figure 6.4. In the figures, the signals is from bare PET soft substrate without MoS2 when regular 

bending (0.31% strain and 0.1m/s2 acceleration). Figure 6.4 (a) shows that there is 1.96pA current from the 

substrate due to flexing, even in the absence of MoS2. The median filter, shown as Figure 6.4 (b), is used 

to determine the most middle reading from a group of readings that arranged according to size within a 

given window. In our case, this filter can reduce spikes in impulse noise, the instantaneous change in current 

over a short period of time as shown as the red rectangle in Figure 6.4 (a). This noise is considered to be 

from transient disturbances in electrical activity such as switching. Median filtering can make the baseline 

stable. However, after median filtering the maximum observed values of flexing induced current are 

reduced to 1.88pA, a reduction of the unfiltered data of around 4%. Figure 6.4 (c) shows the effect of the 

average filter mode: Clearly this changes the readings a lot and it is unsuitable for our measurements. 

Considering the importance of determining the real maximum currents during our readings, I did not use 

any filter to treat the output. 

  

Figure 6.4 Background noise by (a) no filter, (b) median filter and (c) average filter with no sample-device 
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Sampling speed parameters influence the usable resolution, the amount of reading noise, as well as the 

ultimate reading rate of the instrument. Speed is determined by the integration time of the analog to digital 

(A/D) converter, the period of time the input signal is measured. The integration time is specified in 

parameters based on a number of power line cycles (NPLC). As shown in figure 6.5 (a), the black line is 

from signal including alternating current (AC) interference at 50Hz, which are considered as the most 

serious interference from power supply system.  When NPLC is equal to 1, the reading is got from 

integrating 1 AC cycle (red region) i.e. for 0.02s for 50Hz. So the reading from 1 PLC eliminates some 

noise originating from AC. Larger numbers of integral PLC periods can get better noise performance, but 

the entire test time will accordingly rise as the number of PLC times 0.02 seconds. In the keithley 6517B, 

there are four speed modes: fast (0.01PLC), medium (0.1PLC), normal (1PLC) and hi accuracy (10PLC). 

Fast mode has increased reading noise and less usable resolution. Figure 6.5 (b-d) shows the fast, medium 

and normal readings from no sample device (0.31% strain, 0.1m/s2 acceleration and LO grounding type). 

The signals of noise by three speed modes are similar, showing that AC does not contribute the majority of 

measurement noise. However, the signal period of fast, medium and normal speed modes are 2.52, 2.64 

and 2s. The period time of the normal mode is closed to our set, 2s. The change of the noise in normal mode 

is larger than other two mode, which is different from the reading mechanism. It is possible the main noise 

is not from AC.    
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Figure 6.5 (a) Reading from different speed in Keithley 6517B and background noise by (b) fast, (c) 

medium and (d) normal speed modes with no sample device 

 

6.3.3 Background noise from insulator substrate 

The voltage outputs under flexing of a variety of bare flexible substrates without MoS2 including flexible 

printed circuit board (FPCB, polyimide), flexible glass, mylar (PET), PET film, polypropylene film (PP) 

was tested to be in the range of 25mV to 600mV as shown in figure 6.6 (a). We assume that the signals that 

come from the flexing of these substrate arise from surface charge movement due to flexoelectric polarized 

fields in dielectric substrates during inhomogeneous bending251–253, triboelectric processes from contact and 

materials, static charge movements due to movement between substrate and clamping, and possibly also 

electromagnetic induction from the rod. A backside gold layer helps to ground the sample properly, and 

discharge or prevent flexoelectric and static charge-induced signals. Most areas of the substrate - including 

the front and the back side – are covered with a deposited Cr/Au (without shorting the device region) and 

are grounded by connection to the external metal enclosure. Figure 6.6 (b) shows the output under flexing 

of a non-grounded FPCB to be up to 140 mV at a strain of 0.29%. The areas other than the electrodes were 

subsequently covered with thermally deposited Cr/Au and the front side was connect to the back side with 
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metallic indium as a low melting point solder compatible with the flexible substrate. Figure 6.6 (c) shows 

the voltage output seen under flexing of the FPCB of below 2mV after these grounding steps due to the 

metal layer, confirming that most of the flexoelectric and static charge induced signal sources have been 

eliminated. Figure 6.6 (d) and (e) show the results of this process when repeating the grounding process on 

home-made flexible PET substrate, the noise is reduced to around 2mV at a strain of 0.31%.   

 



78 

 

 

 

Figure 6.6 (a) Background signal from different bare substrates. The below is zoom-in from 0.3s to 0.7s. 

(b) Background signal from ungrounded bare FPCB substrate, the photo is the bare FPCB substrate before 

Cr/Au deposition for discharging surface. (c) Background signal from grounded bare FPCB substrate, the 

photo is the bare FPCB substrate after Cr/Au deposition for discharging surface. (d) Background signal 
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from ungrounded bare PET substrate, the photo is the bare PET substrate before Cr/Au deposition for 

discharging surface. (e) Background signal from grounded bare PET substrate, the photo is the bare PET 

substrate after Cr/Au deposition for discharging surface. 

 

6.3.4 Circuit grounding  

Except for substrate induced spurious signals, additional background electrical noise during bending is from 

the circuit and electrometer. This unwanted noise from circuit and electrometer can be mostly released by 

proper ground connection. Here, we tried three type of grounding schemes.  

1. Figure 6.7 (a) shows the ‘ungrounded LO connection’ scheme with 6517B electrometer in 

piezoelectric soft device, where Ipiezo, Cs and Rs are piezoelectric current, equivalent capacitance 

and internal resistance from piezoelectric materials. HI is high input to connect to the central signal 

wire of a tri-axial cable, LO is low input connected to the guard layer of a tri-axial cable. The peak-

to-peak noise level is around 1.3pA (figure 6.7 (d)), with an unexpected step in the signal level of 

around 8pA and non-zero current bias baseline of around -200pA, possibly due to charge movement 

in the circuit.  

2. After grounding LO to the enclosure/sample box and electrometer as shown in figure 6.7 (b), the 

noise level become stable and baseline is positioned at 0pA (figure 6.7 (e)). This is a result of charge 

in LO is released by grounding. The peak-to-peak noise value become higher at 3.7pA, which is 

likely a result of the interference from the linear motor by sample box due to shared grounding 

between electrometer and linear motor (i.e. in this scheme all instruments connect to same 

grounding point).  

3. Further trying to ground LO and electrometer separately in figure 6.7 (c), the peak-to-peak noise 

reduces substantially to 0.1pA (figure 6.7 (g)). This means that the leakage from the ground circuit 

is reduced. Besides, the small signal related to bending frequency may be from leakage between 

HI and LO in tri-axial cable. The shift in the current baseline to 2.8pA is due to the potential 

difference between the different ground points for the electrometer and sample box.  

Here, considering the stability of data and convenience of measurement, we choose second grounding 

method.  
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Figure 6.7 Three type of grounding circuit for reducing noise (a) unground LO and (d) according 

background noise on no-sample device. (b) Ground LO, shield of tri-axial cable and sample box together, 

and (e) according background noise on no-sample device. (c) Ground LO and sample box, and shield of tri-

axial cable separately, and (f) according background noise on no-sample device.  

 

6.3.5 Piezoelectricity of Au-exfoliated MoS2 and twisted bilayer MoS2 

In order to avoid doing lithography on soft substrates, large area MoS2 is helpful in order to manually align 

with metal contacts during the transfer process. Au exfoliation can give single crystal monolayer MoS2 with 

the size of more than 100 µm85,86,89. Figure 6.8 (a) shows that the Au-exfoliated monolayer MoS2 transferred 

on PET substrate. Optical image in dark field shows that there are evenly distributed particles and parallel 

wrinkles. The particles are CAB precipitates and dusts from the transfer process and parallel wrinkles come 

from the internal stress of CAB film, which was discussed in chapter 5. The orientation of exfoliated MoS2 

was quickly determined by long straight edges (corresponding to zigzag termination) due to high surface 

energy of armchair termination with more dangling bonds compared to zigzag termination254–256. Figure 6.8 

(a) shows the zigzag direction of monolayer. Figure 6.8 (b) shows the optical image of the device with 

crystal orientation, strain direction (ɛ) and the direction of piezoelectric voltage response (V). Figure 6.8 (c) 

shows the Raman spectra of MoS2 on PET substrate, where two peaks at 389.3 and 409.5 cm-1 confirm the 

monolayer MoS2. Other peaks are attributed to PET257. Figure 6.8 (d) shows the current of the device with 

bias under different strain. Under 0% strain, IV curve presents around 125nA with 1V and ohmic contact, 
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as seen from the linear I-V relationship. Under around 0.16% and 0.48% strain, the current increases and 

ohmic contact is maintained, which results from a piezoresistance induced decrease of resistance (due to 

bandgap reducing under stretching) and a negligible change of Schottky barrier height. Schottky barrier 

height should be expected to change due to the piezoelectric polarization charge258.  After going back 

relaxed state, the current changes back and ohmic contact it maintained. This demonstrates intact 

piezoresistive behaviour and excellent Au-MoS2 electrical contact at strains up to 0.48%.  

 

Figure 6.8 (a) Optical image with dark field of MoS2 monolayer on PET substrate. (b) Optical image of the 

MoS2 soft device. V and ɛ is piezoelectric voltage and strain. Scale bar is 20µm. (c) Raman spectra of MoS2 

on PET substrate. (d) IV curve of the device with different strain.  
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Stacking structure in bilayer MoS2 determine the symmetry of the crystal, which is key for piezoelectricity. 

For example, Figure 6.9 (a) shows structures with AA’, AB’ and A’B stacking with inversion symmetry 

that should therefore show no piezoelectric behavior. AA, AB and BA stacking with same polarization 

direction of each layer by contrast do display piezoelectric behavior, due to a lack of inversion symmetry44. 

An out-of-plane mirror non-symmetry in AB and BA stacking causes different interlayer charge transfer 

due to hybridization between bands in opposite layers, generating out-of-plane electric dipole moment259,260. 

Different stacking structure repeat in a moiré superlattice of twisted bilayer, with a large superlattice 

constant for small twist angles261,262. The out-of-plane polarization related AB and BA stacking can be 

switched by external electric field inducing sliding one layer along interface due to atomic-level smooth 

interface259,260. When the twisted bilayer MoS2 is under strain, the charge density re-distributes due to in-

plane polarization in each layer and its piezoelectricity is affected. It is possible that out-of-polarization can 

be modulated by strain.  

Here, the twisted MoS2 bilayer with 17.5° was prepared. Figure 6.9 (b) shows that optical image of twisted 

bilayer MoS2. Bottom layer is transferred on PET substrate with armchair orientation along strain direction. 

Then metal contact and top layer was transferred on top of this bottom layer with an uncontrolled angle, 

which was measured after to be 17.5°. Figure 6.9 (c) shows the Raman spectra of the sample with monolayer 

and twisted bilayer. Twisted bilayer MoS2 has a higher intensity of MoS2 peaks compared to monolayer 

MoS2. And the two peaks at 382.4 cm-1 (E1
2g) and 402.6 cm-1 (A1g) show the redshift263. E1

2g peak represent 

the phone of in-plane vibration, reduced by a stronger dielectric screening of the long-range Coulomb 

interaction in bilayer MoS2
263. The separation of two peaks is used to measure interlayer mechanical 

coupling, resulted from interlayer vdW interaction264–267. The difference (20.0 cm-1) of twisted bilayer MoS2 

is a little higher than monolayer (19.6 cm-1) (the value is averaged from 3 times measurements), which 

shows the weak interlayer coupling. These results are consistent with the previous research264,265. Figure 

6.9 (d) shows the moiré pattern in twisted bilayer MoS2 at 17.5°. The size of unit cell is only two times that 

of the unit cell of the monolayer, since large twist angles lead to small moiré superlattice periodicities. The 

unit cell is non-centrosymmetric, which suggests that it must have a piezoelectric effect. Due to internal 

screening from interlayer charge transfer, the piezoelectricity in twisted bilayer is less than monolayer44. 

However, piezoelectric effect in above two devices was not observed as shown in figure 6.10.   

One possible reason is the roughness of PET substrate. Surface roughness (RMS) of PET substrate is around 

2.3nm268. There are therefore local strains of MoS2 expected due to this roughness. When the device is bent, 

MoS2 layers may become more flat rather than stretching. Another reason might be that under strain, MoS2 

shows piezoresistance. The bandgap reduces under stretching, which decreases the resistivity and increases 

the current under bias, and this weakens the observed currents due to piezoelectricity. Also, in these devices, 
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MoS2 is prepared by the Au-exfoliation method, where there is likely to be a high concentration of defects 

and doping due to the Au etchant. High defect concentration and doping lead to high carrier density (since 

dopant-supplied carriers are free to redistribute in response to polarization), strongly screening the 

piezoelectric potential. Another possible reason is a layer of amorphous carbon film resulting from CAB 

transfer residues after annealing. Such uniform CAB residues are reduced to amorphous carbon film on 

MoS2 after annealing in inert atmospheres, and effectively short circuiting the piezovoltage of the device. 

Even the substrate-induced flexoelectric and static charge movement residual signal is effectively removed 

by such a conductive film (figure 6.10). We observe also a relatively high bias current of 100-150nA under 

0V applied bias. The stacked twisted MoS2 device maintains ohmic contact under strain, confirming 

negligible change of MoS2-Au barrier height based on piezoelectric effect modulation247,39 (figure 6.8 (d)). 

The mechanism is that accumulated polarized charge in armchair edge from piezoelectric effect can be 

partially screened by free charge carriers in the conductive carbon layer and reduce the barrier height of LO 

and HI. The barrier height on the positive polarized charge side is reduced and the barrier height on negative 

polarized charge side increases. Different barrier heights induce the IV curve movement, which was not 

clear in transport measurement of the device (figure 6.8 (d)).  
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Figure 6.9 (a) stacking structures of bilayer MoS2. (b) optical image of twisted bilayer MoS2 on PET 

substrate. Scale bar is 50µm. The difference of orientation of two layer is 17.5°. (c) Raman spectra of 

monolayer MoS2 and stacking bilayer MoS2 on PET, calibrated at the peak of 1613 cm-1. The inset is from 

the range of 370 to 420 cm-1. (d) Moire superlattice in twisted bilayer MoS2 at 17.5°. Black arrows and 

black rhombus correspond to zigzag orientation of each layer and the Moire unit cell, respectively. (d) was 

got from Duc Hieu Nguyen’s help.   
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Figure 6.10 Electrical output from the device (a) without MoS2 and (b) with MoS2 and twisted bilayer MoS2.   

 

6.4 Conclusion 

In the chapter, the custom developed system for piezoelectric testing of TMDCs was introduced. The factors 

influencing electrical output of piezoelectricity in the system were discussed including reading reliability 

of electrometer, noise from the circuit, substrate signal. And the total signal offsets were reduced to around 

2mV and 4pA by adjusting the parameters of the electrometer, and by selecting and testing an appropriate 

grounding scheme and materials for the substrate and LO. The relationship between beam bending and 

surface stretch was derived. Finally, MoS2 flexible devices were fabricated successfully using layer by layer 

transfer. However, the piezoelectric effect was unfortunately not observed. The reason might be surface 

roughness of substrate allowing some ‘slack’ in the MoS2, MoS2 with defect or doping causing screening 

of piezovoltages, and/or conductive shorting layers resulting from polymer residue from transfer process.  
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7. Conclusion and outlook 

7.1 Conclusion  

The central thesis of this work was that it is possible to synthesize or isolate new atomically thin TMDC 

materials for the production of high-performance piezoelectric devices in a way that enables scalable 

production for future applications. 

In order to test this thesis, the core goal of the PhD project was to observe a high piezoelectric effect from 

a synthesized CrS2 monolayer, with the selection of CrS2 informed by piezoelectric performance predictions 

based on DFT calculations and stability. Further goals included the subsequent fabrication of 

heterostructures based on this material and experimentally measure the resulting piezoelectricity from vdW 

heterostructures. In approaching this goal, all aspects of the process were considered and addressed, 

including monolayer TMDC device preparation via exfoliation, synthesis, transfer, device fabrication and 

measurement of piezoelectric properties, development of the piezoelectric measurement set-up, 

optimization of synthesis and exfoliation, etc. I tried to optimize and develop every aspect. 

With my supervisors I developed a new technique - PVA lamination – and used it to isolate monolayers of 

a range of TMDC materials with areas of 200-1000 µm2. Electrical measurements show that the MoS2 I 

exfoliated in this way has a room-temperature mobility of 12.2 cm2 V-1 s-1, on/off ratio of 105 and carrier 

density of 3.6×1012 in air by transport measurement on the FET.  However, it can be seen that PVA residues 

induce carbon doping, which could be a disadvantage in some applications.  

I also developed a new modification to a technique where Ni was used to promote the growth of monolayer 

MoS2 in the interfacial limited growth as a catalyst. The grain size and coverage rate of monolayer MoS2 

increased successfully. However, the added Ni introduced some new problems including the formation of 

Au islands growth and the production of NiS crystallites. Overall however, I showed that Ni is very helpful 

for growing 1T-CrS2. However, transferring is a challenge since I found that the CrS2 is readily oxidized in 

the gold etchant based transfer process. An alternative means of transferring CrS2 and the adjustment of 

growth parameter for 1H-CrS2 would enable the piezoelectric testing that I developed. 

In order to avoid lithographic processes and simplify the fabrication of devices, I developed a method for 

the transfer of metal contacts by wedging transfer. Whilst this was successful, the high contact resistance 

is a subject for further improvement. In work with collaborators at DTU Energy, I am glad to say that my 

techniques and developments for 2D materials handling could be applied successfully by me and others in 

transferring and stacking with controllable twisted angle of oxides thin film in millimeter scale, enabling a 

wide range of future studies in this area. The cleanliness of interfaces, impurity control and assembly 
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without cracking subjects for further refining of the techniques, and there is a rich range of phenomena 

ready to explore in twisted transition metal oxide systems, and even hybrid heterostructures between 2D 

vdW heterostructures and these oxides.   

Finally, a custom developed electromechanical piezoelectric test and measurement system was introduced. 

The noise sources and spurious signals from the electrometer, circuit and flexible substrate were analyzed 

one by one and fixed by parameter choice and measurement system design. Piezoelectric MoS2 flexible 

devices were successfully fabricated. However, a definite piezoelectric effect was not unambiguously 

observed, whether in a monolayer or in twisted bilayers. The reason for the inability to detect 

piezoelectricity in these samples will need more experimentation to determine, but could reasonably include 

substrate roughness in my flexible devices, the quality of MoS2 and the influence of carbonized polymer 

residues possibly acting as a short circuit in the system.   

7.2 Outlook 

For improving cleanness of PVA exfoliation, H2-based downstream plasma systems (DPS) are one option 

to react with polymer into gas phase product, which can avoid oxidizing the TMDC but might induce sulfur 

loss due to H2S generation269. For improving the size of monolayer TMDC, spin coated PVA is better to 

make large-area contact rather than laminated PVA foils. PVA exfoliation can be used to explore the ”top-

down” influence in engineered surface structures such as patterning, defect engineering, surface doping and 

chemical transformation by isolating the uppermost monolayer with little loss – I think this is a very strong 

perspective for future experimental efforts.  

Interface limited growth has a huge potential to produce arbitrary 2D binary compounds. Large-scale 

monolayers can be prepared by multilayer growth and metal exfoliation. To avoid the Au etching process, 

the metal with low melting point can be used to exfoliate and removed by melting. Volatilizing Au slowly 

after growth may be an option. There is the possibility of growing vdW heterostructure by adding different 

relevant metals in solid solution with the gold substrate. Because of different bonding energy, lattice 

constant and growth kinetics, parameter choice and control over growth conditions is critical. Additionally, 

growth in quartz ampoules, building artificially an isolated environment, can synthesize the novel 2D 

materials that would quickly degrade in air and therefore do not exist in nature or in bulk films – these could 

be quickly stabilized by stacking into vdW heterostructures under inert atmosphere. Since there is a strong 

interaction between Au and halogen atoms, interface limited growth might be used to grow Janus TMDCs, 

resulting in the Au substrate passivating the bottom side of the TMDC.  

Transferring and stacking oxides can be optimized by adding small molecules into CAB film such as 

camphor or naphthalene to affect its properties. Small molecules mixed with polymer chains can be easily 
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sublimated and increase the solubility of CAB, reducing residue at the interface. The reduced viscosity may 

also reduce the wrinkling and cracking258. Transferring and stacking processed can be achieved using 

micromanipulators to control precisely the twist angle.   

For figuring out the reason for the lack of observed piezoelectric effect, PET substrate need to characterized 

by AFM and can be treated by oxygen plasma by etching surface with small and dense valley, reducing the 

local strain270. MoS2 with enriched defects can be passivated by sulfur vapor in a furnace before transfer to 

PET substrates. PMMA transferring can be used to transfer MoS2, avoiding the use of thick CAB. 

Combining the two suggestions above of H2 DPS and small molecular additives to CAB may help in 

reducing the transfer residues. Once the process of the flexible device fabrication is completed successfully, 

the electric output under strain of any given 2D materials can be measured in the system I developed.  
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information, and energy applications. By 
stacking different 2D layered materials 
with different in-plane rotation angles 
between them, a large set of van der Waals 
(vdW) heterostructures can be created ena-
bling the exploration of novel applications 
and the discovery of new phenomena.[1–5]

A very interesting subgroup of func-
tional materials is the complex metal 
oxides (e.g., transitional metal oxides, rare-
earth oxides, etc.), which display a large 
range of appealing properties, both for 
electronics and the important field of ionic 
devices.[6–11] The complex metal oxide 
heterointerfaces give rise to a plethora 
of novel phenomena not present in the 
individual parent compounds, and have 
motivated extensive research efforts in 
the fields of superconductivity,[9] thermo-
electricity,[10] and ferromagnetism among 
many others.[11] Complex oxide thin films 
can be grown epitaxially with a well-reg-
ulated growth scheme and atomic-level 
control over the material interfaces and 

substrate surfaces. However, these growth methods have funda-
mental limitations that prevent the unrestricted manipulation, 
integration, and utilization of these materials: 1) heterointer-
faces typically rely on epitaxy, which only occurs for a relatively 

The integration of dissimilar materials in heterostructures has long been 
a cornerstone of modern materials science—seminal examples are 2D 
materials and van der Waals heterostructures. Recently, new methods have 
been developed that enable the realization of ultrathin freestanding oxide 
films approaching the 2D limit. Oxides offer new degrees of freedom, due to 
the strong electronic interactions, especially the 3d orbital electrons, which 
give rise to rich exotic phases. Inspired by this progress, a new platform for 
assembling freestanding oxide thin films with different materials and orienta-
tions into artificial stacks with heterointerfaces is developed. It is shown that 
the oxide stacks can be tailored by controlling the stacking sequences, as 
well as the twist angle between the constituent layers with atomically sharp 
interfaces, leading to distinct moiré patterns in the transmission electron 
microscopy images of the full stacks. Stacking and twisting is recognized as 
a key degree of structural freedom in 2D materials but, until now, has never 
been realized for oxide materials. This approach opens unexplored avenues 
for fabricating artificial 3D oxide stacking heterostructures with freestanding 
membranes across a broad range of complex oxide crystal structures  
with functionalities not available in conventional 2D materials.
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1. Introduction

The ability to create materials with predetermined proper-
ties has been one of the key elements for modern electronics, 
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Commons Attribution-NonCommercial-NoDerivs License, which  
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limited set of material systems with similar lattice parameters; 
2) epitaxial films are clamped by the substrate, which will con-
strain some important properties;[12,13] 3) interfacial intermixing 
of two layers at high-temperature deposition can lead to cationic 
interdiffusion,[14] which prevents the formation of atomically 
abrupt interfaces; and 4) there are limitations on the integration 
of materials with different thermodynamic stability conditions.

Recently, new methods have been developed enabling the 
detachment of ultra-thin complex oxide crystals from their 
substrate to realize freestanding oxide thin films.[15–28] The 
methods typically rely on: 1) controllable weakening of epitaxial 
crystals;[16] 2) releasing thin oxide films using sacrificial inter-
layers and selective etching (Figure 1a);[17] and 3) self-formed 
freestanding oxide thin films.[18] These innovative approaches, 
especially the sacrificial interlayer etching method, have pro-
duced a broad range of new freestanding oxide films of,  
e.g., cubic SrTiO3,[19] BaTiO3,[20] BiFeO3,[21] SrRuO3,[22] pseudo-
cubic La0.7Ca0.3MnO3,[23] La0.7Sr0.3MnO3,[24] fluorite CeO2,[25]  
BaTiO3/La0.7Sr0.3MnO3 bilayers,[26] La0.7Sr0.3MnO3/BiFeO3 
bilayers,[27] as well as (La0.7Sr0.3MnO3)n/(SrTiO3)n]n superlattices.[17]  
These freestanding films and multilayers exhibit a wide range 
of exciting physical and chemical properties combined with 
the option of transferring them onto arbitrary substrates, thus 
bypassing the epitaxial roadblock.

Although many novel functionalities have been recently 
discovered in the freestanding oxide membranes,[17,19,22–26] the 
assembling and stacking of these oxide thin films directly into 
heterostructures has not been shown yet. The properties and 
potential applications of such oxide heterostructures are fun-
damentally different from conventional 2D heterostructures 
and will allow, e.g., the design of new material systems (e.g., 
perovskite, spinel, and garnet structures) that address the over-
arching challenges of the next generation of energy technolo-
gies. Moreover, fabricating large-area freestanding films, free 
of cracks and defects remains challenging.[17,19–26] In this work, 
we refine the epitaxial lift-off methods using sacrificial layers 

to produce high quality, large, and uniform areas of perovskite 
SrTiO3 (STO) and fluorite Gd-doped CeO2 (Ce0.8Gd0.2O1.9, CGO)  
freestanding films—two oxide representatives of semiconductor 
and ionic electrolytes. Further, we demonstrate a route for the 
fabrication and stacking of atomically controlled freestanding 
oxide layers of different composition and lattice parameter, see 
Figure 1b. Finally, inspired by breakthroughs in magic-angle gra-
phene and twisted van der Waals heterostructures,[1–5] we create 
the first oxide artificial heterostructures with a controlled twist 
angle between the crystallographic axes of the constituent layers 
(Figure 1c). The results provide a new degree of freedom for the 
design and engineering of oxide heterostructures and interfaces.

2. Results and Discussions

Freestanding oxide membranes were fabricated by growing 
single-crystal (001)-oriented STO and CGO with thicknesses 
ranging from 10 to 60 nm on a water-soluble Sr3Al2O6 (SAO) sac-
rificial buffer layer by pulsed laser deposition (PLD) on (001)-STO 
substrate (see the Experimental Section). Since the high quality 
of SAO interlayer is essential for the growth and detachment of 
the upper film from the substrate, the growth and thickness of 
the films were monitored by reflection high-energy electron dif-
fraction (RHEED). Layer-by-layer growth was achieved for both 
the SAO and STO layers, as highlighted in Figure 2a,b by the 
presence of clear oscillations in the intensity of the RHEED 
spots. The high quality and crystallinity of the oxide films were 
further confirmed by atomic force microscopy (AFM, Figure 2c 
and Figure S3, Supporting Information), X-ray diffraction (XRD, 
Figures S3 and S6, Supporting Information), and high-resolu-
tion transmission electron microscopy (HRTEM) below.

The first challenge we targeted was the epitaxial release and 
transfer of large areas of oxide membranes with high yield and 
minimal defects.[25] For 2D materials, the maximum lateral  
size of exfoliated single layer flakes varies from a few  

Adv. Mater. 2022, 34, 2203187

Figure 1. Schematic illustration of the fabrication and assembly of freestanding oxide membranes into artificial stacks with heterointerfaces by transfer 
method. a) Release of the freestanding oxide membranes (yellow, red) by dissolving the sacrificial layer (blue), b) stack of freestanding films, c) twisting 
the vertically stacked films.
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micrometers to several tens of centimeters, while for free-
standing oxide films, the sizes of the complete area without 
tearing or breaking were limited to a few hundreds of micro-
meters.[19,21,23,25] In this study, we employed polymeric cellu-
lose acetate butyrate (CAB) applied via spin-coating to support  
and transfer the substrate-free oxide film,[29] replacing the 
most common stamp materials of poly(methyl methacrylate) 
(PMMA) and poly(dimethylsiloxane) (PDMS) (see the Experi-
mental Section and Figure S1 in the Supporting Information 
for the transfer process).[25,28,30] CAB has some advantages over 
PMMA or PDMS, owing to its desirable physical and chemical 
properties, such as better tunable adhesion to oxides, high 
modulus, flexibility and negligible chemical residues after 
dissolution in acetone.[31] Utilizing the CAB polymer, we suc-
ceeded in exfoliating and subsequently transferring millimeter-
sized, single-crystalline membranes of STO and CGO onto dif-
ferent substrates. Examples of transferring 1.2–2.0 mm lateral-
sized STO and CGO onto TiN-coated silicon wafer (TiN/Si) and 
single-crystal sapphire, respectively, are shown in Figure  2e,f. 
Cracks, bubbles, and tearings are the most common types of 
fabrication process-induced defects in transferred materials. 
Using our methodology, we demonstrated a versatile approach, 
where homogenous crystalline membranes with large lateral 
size (>2000 µm, see Figure S2, Supporting Information) can be 
fabricated and transferred. Defects mostly appear at the edges, 
which is attributed to the stress during the releasing of the sup-
port layer (Figure 2e,f and Figure S2, Supporting Information). 
Moreover, AFM images show that the STO film retains terraced 
morphology at the microscale before and after the transfer 
(Figure 2c,d and Figures S3 and S6, Supporting Information), 
and the single-crystallinity of the transferred films was further 
confirmed by XRD (Figures S3 and S6, Supporting Information),  
scanning transmission electron microscopy (STEM, Figure  5 

and Figure S7, Supporting Information), and HRTEM (Figure 6 
and Figure S9, Supporting Information).

Transferring such large-area single-crystal oxide films with 
nearly perfect quality is the striking characteristic of this work, 
which is essential for the follow-up stacking and twisting of 
membranes. Using a micromanipulator, we align two free-
standing films together on a hot target substrate (≈140 °C) to 
form a stable stack (see Experimental Section and Figure S1, 
Supporting Information). This transfer method represents a 
simple and effective way to produce stacked oxide heterostruc-
tures. We developed a “fixed corner” strategy by applying iso-
propyl alcohol (IPA) droplets to partially dissolve and fix the 
position of the top oxide layer with CAB covering layer. This 
strategy ensures that the top oxide layer does not slide, fold, or 
shrink in the stacking process, and also increases the contact 
area between adjacent layers (see the Experimental Section).  
The presence of contaminants at the interface between the 
oxide layers is another  important issue in the fabrication of 
stacked oxide heterostructures, since it can affect the adhesion, 
hybridization, and interactions between the layers of the stack. 
Post-annealing was carried out at 650 °C to remove possible 
hydrocarbon contamination, and samples were subsequently 
kept under a protective atmosphere of N2.
Figure 3 shows the successful stacking of single-crystal free-

standing layers of CGO/CGO (Figure 3a), STO/STO (Figure 3b) 
as well as STO/CGO (Figure  3c). The insets in Figure  3a–c 
show the low-magnification images of the stacks, and dem-
onstrate the feasibility of stacking large areas of freestanding 
oxide thin films. Some wrinklings of the top layer—caused by 
stresses generated by the bottom layer and top polymer layer 
can be observed in the overlapping region. AFM images of the 
surface morphology of the stacks after annealing together with 
the line profiles show that the thickness of the upper oxide layer 

Adv. Mater. 2022, 34, 2203187

Figure 2. a) The time-dependent RHEED intensity oscillations and pattern of the SAO (10 nm) interlayer. b) The early stages of RHEED intensity oscil-
lations and pattern of the upper STO film (30 nm). c,d) AFM images of the terraced morphology of STO films before and after transferring. The RMS 
is 0.184 and 0.215 nm. e,f) Optical microscopy images of the millimeter-scale 30 nm-thick STO and 40 nm-thick CGO freestanding films transferred 
on TiN/Si and single-crystal sapphire, respectively. Scale bar: 500 µm. High-magnification images of the corresponding area are outlined in the dotted 
boxes in (e) and (f).

 15214095, 2022, 38, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202203187 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [17/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advmat.dewww.advancedsciencenews.com

2203187 (4 of 10) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

corresponds well to that determined by the RHEED oscillations.  
The surface morphology of the stacked STO membranes 
retains step-and-terrace features (Supporting Information,  
Figure S6). The line scans across the step edge show that the 
surface areas are flat within 5  µm, indicating the two layers 
of membranes are closely joined together without any notable 
“distance” between the layers. Our first-principle calculation 
results show that depending on the specific material stacking 
sequence and termination, the equilibrium structures can be 
stabilized with different interfacial distances, which correspond 
to the balances between the inter- and intralayer interactions 
(Note S4 and Figure S4, Supporting Information).

Twisted layers provide an additional degree of freedom to 
overcome the symmetry restrictions imposed by forming het-
erostructures using conventional epitaxial growth. A celebrated 
example is given by 2D material heterostructures consisting of 
graphene or transition metal dichalcogenides, where a slight 
rotation radically changes the properties and can lead to exotic 
physical behavior.[1–5,32–35] There has been a large interest in 
those 2D materials but such twisting in freestanding oxide films 
has never been explored before. Here, Figure 4 shows the con-
trol of the twist angle in the artificially stacked oxide bilayers by 
sequential transferring and stacking of freestanding oxide films 
with various rotational alignment, e.g., CGO/CGO with 90° twist 
angle (Figure 4a,d), CGO/CGO with 45° (Figure 4b,e), and STO/
STO with 100° (Figure 4c,f). The twist angle between the stacked 
oxide layers was estimated from the edge orientation of the layers 
and confirmed by XRD (Note S5, Figures S5 and S6, Supporting 
Information). The stacks with large size (>1200  µm) are found 
to be stable (insets in Figure 3 and Figure 4a–c) after high-tem-
perature annealing. AFM images of the twisted stacks with clear 
edges are shown in Figure  4d–f. It is clear from these twisted 
bilayer images that a well-defined rotation angle can be achieved.

The fabrication of freestanding oxide membranes into 
artificially twisted stacks enables the search for exotic new 

physics and novel device functionalities. The cross-section of 
our stacked heterostructure composed of STO/STO has been 
characterized with annular dark-field scanning transmission 
electron microscopy (ADF-STEM). Figure 5 shows an ADF-
STEM image of 10° (equivalent to 80° or 100° twist angle due 
to symmetry) twisted STO/STO stack with a clean and well-
defined interface oriented along the [010] zone-axis. No indica-
tion of any effect of a wrinkling phenomenon was observed at 
the twisted interfaces (see Supporting Information, Figure S7).  
Tilting the sample 10.5° around the [001] axis orients the top 
STO layer to [010] zone axis (Figure  5a,b), which is in good 
agreement with the results from XRD (≈10.4°) and the geo-
metric estimation (≈10.0°) (Supporting Information, Figure S6). 
Fast Fourier transform (FFT) mask filtering was applied to the 
images in Figure 5a,b to clearly visualize the interfacial region 
of ≈1.0  nm thick between the two STO layers (Figure  5c,d). 
The crystal structure of STO is identified, and the atomic posi-
tions of Sr and Ti can be well resolved. Notably, the ADF-STEM 
images show some regions, where the two crystals appear to be 
directly bonded. This is confirmed by analyzing the intensity 
profile of the images along the [001] direction, and the inter-
planar distance d(001) between consecutive Sr atomic columns 
(see inset in Figure 5a, d(001) ∼ 0.4 nm), which demonstrates an 
uninterrupted and well-defined profile.

The observations of bright regions interspaced by darker 
regions at the interface of STO/STO stack (Figure  5a,b and 
Figure S7d, Supporting Information) are in excellent agree-
ment with what has been reported earlier in artificially assem-
bled 4° twisted STO bicrystals, in which the bonding between 
layers was achieved at a temperature of 800 °C for 20 min 
with an applied pressure of 120–140 MPa.[36] The dark regions 
observed at the interfaces in our stack are similar to those seen 
previously in STO bicrystals, which correspond to dislocation 
cores.[36] The possibility of tuning the dislocation network at 
the interface by twisting can, e.g., open new opportunities to 

Adv. Mater. 2022, 34, 2203187

Figure 3. a–c) Optical microscopy images of the bilayers of CGO (40 nm)/CGO (40 nm) (a), STO (30 nm)/STO (30 nm) (b), and STO (30 nm)/CGO 
(40 nm) (c). The inset figures represent the low-magnification images of the oxide films stack transferred on target substrates. The panels below (a–c) 
show AFM images of the step edge of the oxide stacks with the line profiles indicating the thickness and flatness.
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Figure 4. a–c) Optical microscopy images of the bilayers of CGO/CGO with twist angle of 90° (a), CGO/CGO with twist angle of 45° (b), STO/STO 
with twist angle of 100° (c). The stacked heterostructure is formed in the overlapping regions, which corresponds to the yellow frame in AFM 3D 
images in (d)–(f).

Figure 5. a,b) Atomic-resolution ADF-STEM images of the interfacial area of the 10° (or 100°) twist STO/STO stack with the lower film (a) and the 
upper film (b) oriented to the [010] zone-axis, respectively, by tilting the specimen 10.5° around the [001] axis. The intensity profile (yellow line) is 
plotted together with the distance d(001) between consecutive Sr atomic columns (red squares), as resolved in the image. The white dashed lines mark 
the interface. c,d) Respective inverse FFT images of (a) and (b), after applying mask filtering to the FFT. e) Schematic illustration of the membranes. 
f,g) EELS signal showing the Ti-L2,3 (f) and O-K (g) edges recorded from the bottom layer STO (in blue), the dark region at the interface between 
the two STO layers (in orange) and the top layer STO (in gray). The shift in the L2,3 peaks of the Ti edge and the flattening of the second peak in the  
O-K edge (peak B) are marked with arrows.
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tune the ionic conductivity at interfaces, which is crucial for a 
wide range of energy technologies,[37] ranging from fuel cells 
to batteries and catalysis, to name a few. Carbon residues from 
the transfer process were found at the interface similar to what 
is often observed in stacks of 2D materials (Supporting Infor-
mation, Figure S8).[38] Remarkably, our observations show that 
atomic bonds could form at the interfaces without the need to 
apply high pressure and high temperature but only by “placing” 
the layers on top of each other and post-annealing at 650 °C. 
Density functional theory calculations confirm that certain ter-
mination configurations influence the formation of the atomic 
bonds (Figure S4, Supporting Information).

We further studied the elemental valence state near the inter-
face with electron energy loss spectroscopy (EELS). The EELS 
profiles of Ti-L2,3 and O-K edges were collected from different 
regions in the STO/STO stack (Figure  5f,g). The Ti-L2,3 edges 
recorded from the bulk area away from the interface show the 
typical crystal field splitting of 2.2 eV between the Ti 3d t2g and 
eg states, and the O-K edges exhibit four main peaks (labeled as 
A, B, C, and D in Figure 5g), which correspond to local O 2p 
hybridization with the Ti 3d states. In the selected dark region 
at the interface, the Ti-L2,3 edge displays a 0.4 eV shift (indicated 
by the arrows in Figure 5f), and the second peak (labeled as B) 
of the O-K edge broadens and is less distinct (Figure 5g). These 

results are in agreement with a partial reduction of the Ti4+ into 
Ti3+ cations at the interface to compensate the oxygen and/or Sr 
vacancies, as commonly found at the core of STO grain bound-
aries.[39] The results highlight again the possibility of tuning the 
interfacial dislocation network by stacking and twisting in order 
to design and enhance the ionic conductivity at the interface.

In relation to twisted heterostructures, moiré superlattices 
are drawing tremendous interest as a new area to explore the 
emergence of new properties in 2D layered materials, e.g., 
moiré phonons,[32] moiré excitons,[33] unconventional super-
conductivity,[34] or Mott insulators.[35] Such superlattices are  
material-specific to form different long-wave moiré patterns. 
However, the implementation has so far been limited to gra-
phene and 2D materials. Further work is needed to clarify 
whether interactions between the twisted oxide heterostructures 
can lead to moiré-related phenomena. It is worth mentioning, 
however, that the moiré superlattice could be visualized in our 
stacked oxide films using HRTEM (Figure 6 and Figure S9, 
Supporting Information). Figure 6a presents a typical HRTEM 
image of the STO (10 nm)/STO (10 nm) stack composed of two 
(001)-oriented STO films twisted by 18° on a TEM grid (see the 
Experimental Section about the transfer method). In Figure 6a, 
typical lattice fringes can be observed (area in red box) corre-
sponding to the single-layer STO membrane, while the darker 

Adv. Mater. 2022, 34, 2203187

Figure 6. a) The HRTEM image with moiré fringes of the STO/STO stack. b,c) The FFT of the single-layer STO (marked in red box) and the stack 
area (marked in yellow box) in (a). The Miller indices are indicated for the most intense spots. d) The inverse FFT of the spots circled in black in (c).  
e,f) The inverse FFT of the spots circled in red and yellow in (c), corresponding to the bottom layer (red box) and upper layer (yellow box) in image 
(a), respectively.
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region (due to mass-thickness contrast) with a moiré pattern 
indicates the overlapping area of STO/STO stack. The FFT of 
the single-layer STO region is shown in Figure 6b, in which the 
most intense spots circled in red can be marked with the Miller 
indices of cubic STO (space group 3Pm m), verifying the single 
crystallinity and high quality of STO films. On the other hand, 
in Figure 6c, the FFT of the stacked area in Figure 6a (area in 
yellow box) is more complex. Two sets of spots circled in red 
and yellow and their inverse FFT in Figure 6e,f verify the over-
lapping of two STO films with a misorientation. In Figure 6c, 
two particularly intense spots (in black circles) are found close 
to the central spot, which correspond to the moiré fringes with 
a real space distance dmoiré  ≈ 0.6  nm (see the inverse FFT in 
Figure 6d). The rotation of the scattering vectors of (200) lattice  
plane in Figure  6c gives the twist angle of θ  = 18.7°. Alter-
natively, θ is found to be 18.4° deduced from moiré fringes 
(Experimental Section, Equation (1)), consistent with the results 
obtained from scattering vectors.

Our demonstrated twisting method allows us to tune the 
properties of stacked multilayer structures on a larger scale than 
ever before. Here, we show the strength of twisted freestanding 
oxide materials via oxygen migration which occurs by a vacancy 
mechanism. Our molecular dynamic (MD) calculations (see the 
Experimental Section) reveal that “twisting” yields anisotropic 
oxygen ion diffusion behavior in the near interface region of 
STO/STO stack with twist angle θ, which otherwise is iso-
tropic in bulk (001)-STO (Supporting Information, Figure S11).  
Figure 7a shows the calculated tracer diffusion coefficient for 
oxygen (D*) as a function of twist angle. The angle of twist 
between the two layers has the so-called “magic” angle where 
D* changed at specific angles (e.g., θ1/θ1

*, θ2/θ2
*, etc., note that 

θ* = 90° − θ due to the symmetry). This variation of diffusivity 
is consistent with the overall activation energy for oxygen dif-
fusion which increased with the increasing twist angle, i.e., 
from 0.6 to 1.1  eV as the twist angle changes from 0° to 45°, 
respectively (Figure  7b and Figure S11c, Supporting Informa-
tion).[40] The phenomenon is attributed to the relative rotation 
between layers, which form a periodic moiré potential in the 
material system affecting the diffusion path and resulting in 
lattice site preference for diffusion of oxygen vacancies. These 
results, together with the experimental observation of enhanced 
oxygen vacancy concentration at the twisted STO/STO inter-
face deduced from the Ti-L2,3 edges in EELS (see Figure  5f), 

suggest that twisting freestanding thin films would be a valu-
able synthetic strategy to manipulate the diffusion properties 
of oxygen vacancies in perovskite oxide thin films. Like many 
other discoveries of fundamental physical phenomena, we 
expect that these results will provide a new degree of freedom 
for designing novel functional energy materials and devices for 
cutting-edge electronic and energy-related technologies.

3. Conclusion

We provide a new way to assemble similar/dissimilar free-
standing oxide membranes via artificial stacking and twisting, 
and demonstrate that these stacks are indeed heterostructures 
with atomic bonds formed at the interfaces. The most promi-
nent novelties of our discoveries are: 1) we put forward a new 
topic on stacking a variety of freestanding oxide thin films into 
artificial oxide heterostructures, and show experimentally that 
we can assemble a stack of freestanding oxide thin films with 
different compositions. Compared with traditional epitaxial  
heterostructures, the stacking of the freestanding oxide thin 
films does not require lattice-matching, allowing layers with dif-
ferent lattice symmetries and atomic spacings to be stacked. 2) 
We show that we can control the twist angle between layers 
in the stack. Consequently, moiré patterns were observed 
by HRTEM, which verify the overlap and twist angle of the 
stacked oxide membranes. Such stacking and twisting has been 
recently recognized as a new degree of structural freedom in 
van der Waals heterostructure based on 2D materials but has 
never been demonstrated for freestanding oxide materials. 3) 
The cross-sectional STEM imaging and analysis of the oxide 
stack confirm that in the interface region, the two oxide crystals 
are directly bonded forming an oxide heterostructure, instead 
of a simple stack. We showed theoretically that the oxygen ion 
diffusion coefficient in the oxide stacks can be significantly 
tuned by twisting. The ground-breaking potential of stacking 
and twisting of oxide heterostructures stems from the strong 
degree of freedom available to design artificial freestanding het-
erointerfaces. The ability to modulate the interfacial properties 
of the stack via layer selectivity and twisting opens the possi-
bility for integrating these structures in electronics with silicon-
based architectures inducing moiré superlattice engineering, 
flexible, magnetic, or superconducting materials.

Adv. Mater. 2022, 34, 2203187

Figure 7. a) Tracer diffusion coefficient (D*) for oxygen ions as a function of twist angle. b) Activation energy for oxygen ion migration as a function of 
twist angle. All the calculations in (a) were carried out at 1200 K (see the Experimental Section).
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4. Experimental Section
Thin-Film Preparation: SrTiO3 (STO) and Ce0.8Gd0.2O1.9 (CGO) films 

with various thicknesses were grown epitaxially on a water-soluble 
Sr3Al2O6 (SAO) sacrificial buffer layer on a (001)-oriented STO substrate 
by PLD using a KrF (λ = 248 nm) excimer laser. First, the (001)-oriented 
SAO sacrificial layer was deposited on (001)-STO substrate at 750 °C 
with an oxygen pressure of 10–5 mbar. Subsequently, the STO and CGO 
films were grown on SAO at 700 °C with an oxygen pressure of 5 × 10–4 
and 5 × 10–3 mbar, respectively. Such conditions were crucial to fabricate 
high-quality SAO interlayer and guarantee the elemental ratio of 3:2:6 in 
the SAO film, to promote its water solubility. The laser energy density 
was 2.2 J cm−2. The repetition rate was 1 Hz. The growth process of the 
films was monitored by RHEED.

The Lift-Off, Transfer, and Stacking Process of Oxide Thin Films: Cellulose 
acetate butyrate (CAB) is used as the support layer (20 g/100 mL in ethyl 
acetate). SAO acted as the sacrificial layer which was first deposited 
on the substrate as indicated above. The sample was spin-coated with 
CAB and subsequently heated at 80 °C for 5 min. Then grooves were 
carved on the sample surface and the whole sample was immersed into 
deionized (DI) water at room temperature for 2 h. After the freestanding 
oxide film together with the CAB was released from the substrate by 
dissolving the SAO, it was scooped up and transferred to the target 
substrate. This was followed by immersing the target substrate and the 
freestanding oxide in acetone to remove the CAB layer and clean it with 
IPA. This procedure was repeated using an optical microscope and a 
micromanipulator to release the second layer onto the bottom layer with 
a target twist angle. Then IPA was used to partly dissolve and fix the four 
corners of second layer. Another fresh CAB film was used to cover the 
stack, again fixed by IPA at the corners. The assembled stack was heated 
at 140 °C for 15 min and finally soaked in acetone to remove the CAB. 
The membranes and stacks were post-annealed at 650 °C in oxygen and 
protected in N2 (Figure S1 in the Supporting Information shows the 
detailed sequence of the transferring and stacking).

TEM Measurement and Analysis: HRTEM was performed using a Titan 
Analytical 80–300ST TEM operated at 300  kV. The oxide membranes 
with CAB support layer were transferred onto the TEM grid (Si3N4 
microporous TEM window grid with 2.0  µm pores). The grid and the 
stack were then immersed in acetone for 30 min to dissolve the CAB. 
Critical point drying in CO2 was used to substitute the organic solvent. 
The TEM sample holder and samples were plasma cleaned for 2 min 
immediately before insertion in the microscope to remove any carbon 
contamination on the sample surface. The exact twist angle θ of the 
stacked freestanding oxide films on the TEM grid was determined in two 
different ways: a) measuring the twist angle between the two scattering 
vectors directly from an FFT and b) using the moiré fringes following the 
equation[41]

2sin /2moiréd
d
θ( )=  (1)

where dmoiré is the corresponding real space distance of the moiré fringes 
and d is the lattice spacing corresponding to the scattering vector (200). 
In Figure 6, dmoiré = 0.60 nm, and d(200) = 1.95 Å, which gives θ = 18.4°, 
consistent with the previous calculation result of 18.7° from method (a).

Morphology and Structure Characterization: The surface images, 
morphology, and crystal structures of sample are examined by the 
optical microscope (Nikon, ECLIPSE, L200N), AFM (Dimension Icon, 
Bruker), and XRD device (Rigaku, Smartlab).

Cross-Sectional STEM Measurement and Analysis: Specimens of the 
oxide stack were prepared using focused ion beam (FIB) milling. Prior to 
the preparation, a thin layer of Au (a few nanometers) was deposited on 
the surface of the sample to minimize charging. The region, where a thin 
lamella was fabricated from, was additionally covered with 1 µm of Pt in 
order to protect the sample from FIB-induced damage. A cross-sectional 
lamella with thickness of ≈80 nm was produced by FIB milling with Ga+ 
ions at 30 kV and currents in the range 9 nA to 48 pA. STEM images were 
recorded using an FEI 80–300 kV Titan TEM instrument equipped with 
an aberration corrector on the probe forming lenses. The microscope 

was operated at 300  kV. The electron probe convergence semiangle 
and size were ≈18 mrad and 0.1  nm, respectively, and the images 
were recorded with an annular dark-field inner collection semiangle of  
40 mrad. The distance between consecutive Sr planes was determined 
by applying the function “peakfinder” in Matlab to the intensity profile 
obtained from the images. The EELS data was acquired using a Gatan 
GIF Tridium spectrometer. A spectrometer collection semiangle of  
≈20 mrad was used and the EELS measurements had an energy 
resolution of 0.8  eV. The background signal in the EELS spectra was 
removed after fitting with a power-law model.

Theoretical Calculations: The first-principle calculations were 
performed using GBRV ultrasoft pseudopotential with the generalized 
gradient approximation Perdew–Burke–Ernzerhof functional.[42] 
The predicted lattice parameter (3.8996 Å) of the relaxed structure 
agreed well with the experimental data for bulk STO of 3.901 Å.[43]  
A 2 × 2 × 2 repetition of the five-atom unit cell of STO was used to 
mimic the freestanding oxide thin films. The vdw-DF2 correction was 
used to take into account the interactions between the two blocks and 
this was implemented in the Quantum ESPRESSO package.[44–48] To 
avoid the interaction between periodic images, a large fixed simulation 
box was used (40 Å along the out-of-plane direction). The Brillion zone 
was sampled with a 4 × 4 × 1 Γ-centered Monkhorst k-point mesh. The 
lattice energy was optimized until the force on each atom was less than 
1.0 × 10–4  eV Å−1. The cutoff for plane-wave and charge density was 40 
and 160 Ry, respectively.

MD simulations were performed to investigate the oxygen ion 
diffusion in twisted systems. The interatomic interactions were described 
using the rigid-ion potentials

1 e 1
2 2

12
0V

z z e
r

D
C

rij
i j

ij
a r r ij

ij{ }= + −  − +( )− −  (2)

where the first-, second-, and third term describes the long-range 
Coulomb interactions, the short-range interactions (Morse potential), 
and the repulsive interactions, respectively. The potential parameters 
were directly taken from Pedone et al.[49]

The MD simulations for bulk STO were performed using a  
16 × 16 × 16 repetition of the five-atom unit cell, containing 20 480 atoms.  
For the twisted systems, the in-plane lattice parameter was twist angle-
dependent. Therefore, an N  × N  × 8 repetition was used for the top 
and the bottom layers (e.g., N  × N  × 16 in total), where N denotes 
the repetition along the in-plane direction and varies between 1 and 8. 
Figures S12 and S13 in the Supporting Information schematically show 
the crystal structures for typical twist angles. Such large supercells enable 
good statics for the calculations. The oxygen vacancies were introduced 
randomly by removing oxygen ions at random positions, where the site 
fraction was fixed at 1%. Such oxygen vacancies were compensated by 
reducing the charge of all the Ti cations. The activation energy (ΔE) of 
the oxygen vacancies was obtained by fitting the Arrhenius plot (see 
Supporting Information). The model for bulk STO was verified with the 
values taken from the literature (Supporting Information, Figure S10). 
All the MD simulations were performed for the SrO-TiO2 configuration, 
which was the most stable configuration as indicated in the Supporting 
Information, Figure S4. The systems were first equilibrated in the NPT 
ensemble average for at least 300 ps, followed by the production run for 
at least 600 ps in the NVT ensemble. The temperature and pressure were 
controlled by the Nose-Hoover thermostat (barostat), as implemented 
in LAMMPS.[50] The tracer diffusion coefficient (D*) was obtained from 
a mean square displacements analysis by summing the diffusion along 
the a, b, and c-axes using: 6 *2r D t B= + , where t is the time and B 
describes the thermal vibrations. The robustness of the simulations was 
confirmed by repeating the calculations multiple times.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Note 1: The lift-off, transfer, and stack process of freestanding oxide thin films. 

 

 

 
Figure S1. Schematic illustration of the transfer and stacking process of the oxide membranes. 
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Note 2: The high quality of the freestanding oxide thin films. 

 
Figure S2. Optical images of STO (a, b) and CGO (c, d) films transferred onto the target substrate of TiN/Si or 

sapphire ((001)-Al2O3), respectively. The two images on the right are partial enlargements of the figure on the left 

in each composite figure. 

 

Figure S2 shows the large size of the integrity area in the transferred membranes which can 

reach the macroscopic dimension of ~ 2000 µm, with no apparent defects like bubbles or cracks 

but very few holes or tears appearing at the edges, which is attributed to the stress during the 

releasing of the support layer, indicating the high quality of our freestanding oxide thin films.  

 

 

Note 3: The morphology and single-crystalline of the freestanding oxide thin films. 

 
Figure S3. The terraced morphology of as-grown STO (a) and transferred STO onto Si (b). (c) and (d) show the 

XRD results of the films before and after transferring. 

 

Although there is a possibility that the surface morphology and structure of the thin films might 

be changed by the DI water and chemical solvents, interesting, the surface morphology of the 

stacked membranes maintained the step-and-terrace feature with a slightly larger roughness 
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(RMS ~ 0.253 nm) (also see Figure S6). The comparison of XRD results proves the successful 

selective dissolution of SAO and the crystallinity of transferred STO film. 

 

 

Note 4: DFT calculations. 

 
Figure S4. Lattice energy as a function of interfacial distance for freestanding STO thin films with different 

terminates. a) SrO-TiO2, b) SrO-SrO, c) TiO2-TiO2. The insets are the interfacial configurations. The atomic 

positions along the out-of-plane direction are fixed during the calculation of the lattice energies (see Method 

section).  

 
The lattice energy was calculated with the following steps: 1) Starting with a fully optimized 

structure of bulk STO, where the predicted lattice parameter (3.8996 Å) agrees well with the 

experimental data (3.901 Å).[1] 2) Building up the simulation box containing two layers of 

2×2×2 repetition of the five-atom unit cell of STO. To avoid the interaction between periodic 

images, a large simulation box along the out-of-plane direction was used (e.g., 40 Å). 3) 

Calculating the lattice energy as a function of interfacial distance, with the atom positions being 

fixed along the out-of-plane direction. Figure S4 shows the calculated lattice energy as a 

function of interfacial distance for freestanding STO thin films with different terminates, i.e., 

a) SrO-TiO2, b) SrO-SrO, c) TiO2-TiO2. As a result of the interactions between the freestanding 

oxide thin films, the lattice energy exhibits a local energy minimum with the coresponding 

equilibrium distances of 1.9, 4.8 and 4.4 Å for the SrO-TiO2, SrO-SrO and TiO2-TiO2 

configurations, respectively. Note that the optimal distance between the SrO and TiO2 layers in 

a bulk STO is also 1.9 Å.  
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Note 5: Stacking and twisting the freestanding oxide thin films. 

 
Figure S5. The scheme of controlling the twist angle between the freestanding oxide thin films, such as 45° and 

90°. 

 

 
Figure S6. The stacked STO/STO on sapphire with a twist angle of 100° (equivalent to 80°or 10°). a) Optical 

microscope images. b) The terraced morphology of transferred STO films after annealing. c) The in-plane phi-

scan, revealing the twist angle of 10.4° (or 79.6°). d) The (002) XRD diffraction peak of the STO/STO stack.  

 

We have controlled the twist angle using an optical microscope and a micromanipulator to 

control the second layer azimuth when stacking it on the bottom layer. In Figure S5, we cut the 

oxide film into several parts with edges parallel to the crystallographic orientation of the 

substrate. The intersection geometric angle of the two stacking films can be considered as the 

approximation of the twist angle. For the STO/STO stack in Figure S6a, although there is a 

possibility that surface morphology and the structure of the thin films might be changed by the 

DI water and the chemical solvents, interestingly, the surface morphology of the membranes 

maintained the step-and-terrace features with the roughness RMS = 0.126 nm (Figures S6b). 

The formation of wrinkles is discussed in Note 6 below. In Figure 6c, the in-plane XRD phi 

scans of the bilayers reveal that the in-plane twist angle is ~ 10.4° (equal to ~79.6° due to 

symmetry), which is in agreement with the geometric estimation (~ 10.0°). In Figure S6d, the 

(002) STO peak with high intensity confirms the common single-crystal (001) orientation of 

the two STO stacking layers.  
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Note 6: Cross-sectional STEM of STO/STO stack.

 
Figure S7. a) The optical microscope image of the STO/STO stack on sapphire with a twist angle of 100° 

(equivalent to 80°or 10°). A cross-sectional slice of STO/STO was prepared by the FIB milling method for cross-

sectional TEM measurement (marked in red). b, c) Low magnification STEM images of the STO/STO stack, with 

the bottom STO layer oriented along the [010] zone axis. d) ADF-STEM image of the interface. The local atomic 

bonding areas (bright regions) are marked in yellow boxes and arrows. 

 

Wrinkles and buckling phenomenon can be seen in the overlapping region (Figure S7a), which 

is ascribed to the strain generated by the bottom layer and top polymer layer, especially when 

the strain is partially or fully released. The wrinkles distribute randomly. Our ADF-STEM 

measurements on STO/STO stack indicate that a well-defined interface and layer thickness is 

observed over a large area without any appearance of wrinkles at the interface (Figure S7b and 

c). In short, no effect of wrinkles was observed on the twisted freestanding oxide membranes. 

Bright regions (marked in yellow box and arrows) are interspaced with the dark regions at the 

interface of STO/STO in Figure S7d. 

 

 

Note 7: Cross-sectional STEM with EELS measurement of STO/STO stack. 

 
Figure S8. The elemental mapping of Ti, O and C extracted from EELS measurements of the cross-section of the 

STO/STO stack. 

 
For studying the adsorbates trapped in those stacks, we have conducted EELS measurements 

from which we have extracted the elemental maps to identify the distribution of C, Ti and O 
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across the interface of the STO/STO stack. The results in Figure S8 reveal the carbon residual 

distributed in the dark interfacial region.  

 

Note 8: High-Resolution Transmission Electron Microscopy (HRTEM) measurement.

 
Figure S9. a) The optical images of stacking CGO and STO layers on the TEM grid. The blue and red regions are 

the overlaps of two layers. b, c) The moiré patterns in CGO/CGO stack and STO/STO stack by HRTEM. 

 

Figure S9 shows the twisted CGO/CGO and STO/STO on the TEM grid revealing the moiré 

pattern of the oxide stacks. Transferring and stacking thin oxide films onto a TEM grid should 

be careful because of the brittleness and fragility of both the oxide material and the Si3N4 porous 

TEM grid. Figure S9a shows the twisted oxide stacks on the TEM grid with a size exceeding a 

few hundred microns. This provides dozens of suspended regions in the overlaps of STO/STO 

for observing the moiré pattern. The twist angle, as well as the atomic-scale stacking 

configurations, can be examined by scattering vectors of FFT spots and also by moiré fringes 

from the moiré pattern. 

 

 

Note 9: The molecular dynamic calculations of oxygen ion diffusion behavior. 

Figure S10. a) Oxygen vacancy diffusion coefficient (DV) as a function of temperature determined by various 

methods. The activation energy (ΔE) for oxygen vacancy migration converges well in the range of 0.62 - 0.67 

eV.[2] b) Tracer oxygen ion diffusion coefficient (D*) for bulk STO as a function of temperature. Note D* is used 

for the ease of comparison with twisted systems, in which the oxygen vacancy diffusion is anisotropic. 
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Figure S11. a) Mean-squared displacements (MSDs) for oxygen ion migration in bulk (001)-STO at a typical 

temperature of 1600 K. b) Mean-squared displacements (MSDs) for oxygen ion migration in twisted STO/STO 

(θ/θ* = 33.4°/56.6°). c) Arrhenius plots for STO/STO with different twisting angles. Note that θ/θ* = 0°/90° 

corresponds to bulk STO. 

 

 
Figure S12. Structure of twisted STO/STO projected along the (001)-crystallographic direction with different twist 

angles: a) θ/θ* = 0°/90°. b) θ/θ* = 10.4°/79.6°. c) θ/θ* = 33.4°/56.6°. Note that c-axis is parallel to the (001)-

crystallographic direction. 
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Figure S13. Structure of twisted STO/STO with a twist angle of θ/θ* = 33.4°/56.6° viewed along different directions. 

Note that c-axis is parallel to the (001)-crystallographic direction. 
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ABSTRACT: Strong Fermi level pinning (FLP), often attributed to metal-induced gap states
at the interfacial contacts, severely reduces the tunability of the Schottky barrier height of the
junction and limits applications of two-dimensional (2D) materials in electronics and
optoelectronics. Here, we show that fluorinated bilayer graphene (FBLG) can be used as a
barrier to effectively prevent FLP at metal/2D material interfaces. FLBG can be produced via
short exposure (1−3 min) to SF6 plasma that fluorinates only the top layer of a bilayer
graphene with covalent C−F bonding, while the bottom layer remains intrinsic, resulting in a
band gap opening of about 75 meV. Inserting FBLG between the metallic contacts and a
layer of MoS2 reduces the Schottky barrier height dramatically for the low-work function metals (313 and 260 meV for Ti and Cr,
respectively) while it increases for the high-work function one ( 160 meV for Pd), corresponding to an improved pinning factor. Our
results provide a straightforward method to generate atomically thin dielectrics with applications not only for depinning the Fermi
level at metal/transition metal dichalcogenide interfaces but also for solving many other problems in electronics and optoelectronics.
KEYWORDS: bilayer graphene, band gap opening, 2D materials, Fermi level pinning, Schottky barrier

■ INTRODUCTION
As the number of transistors per CPU has increased
exponentially in the last few decades, a trend known as
Moore’s law, various challenges are emerging in the conven-
tional silicon semiconductor technology when the transistor is
scaled down to sub-10 nanometers.1,2 Two-dimensional (2D)
materials, such as graphene and transition-metal dichalcoge-
nides (TMDs), have attracted tremendous attention recently
because of their promising advantages including the atomic
thickness and smooth channel-to-dielectric interface without
dangling bonds.3,4 However, while the absence of bandgap in
graphene results in a high off-current of the device, a high
contact resistance of metal/TMD junctions makes it difficult to
inject charge carriers to the channel.5,6 Opening a bandgap of
graphene and reducing the contact resistance of TMDs,
therefore, are the important directions to bring these materials
to pragmatic switching applications.
Strong Fermi level pinning (FLP) is generally observed in

metallic contacts to the 2D materials, originating from metal-
induced gap states at the interface.7−9 This renders the
Schottky barrier height (SBH) of the junction uncontrollable
and leads to increase of the contact resistance.10 Traditionally,
doping semiconductors in the contact region and/or using a
metal−insulator−semiconductor structure can release the FLP
and allow for an ohmic contact.11,12 Because strong, highly
local doping of 2D materials is not yet a practical route to
solving the problem, insertion of a buffer layer between the
metal contact and TMDs is considered an effective alternative
way to alleviate the FLP.8−10 Indeed, by insertion of a thin

insulating layer, such as TiO2, ZnO, or h-BN at the metal/
MoS2 interfaces, the SBH can be significantly reduced,
improving the pinning factor and the contact resistance.13−15

The thickness of the insulator should be carefully controlled
because a thick layer would block the FLP but also increase the
tunneling resistance. Using graphene as an interlayer could
help to reduce the SBH at the metal/TMD interface but does
not alleviate the FLP because graphene itself is a (semi)metal.
It has been reported that strong fluorinating agents, namely,
xenon difluoride (XeF2), can turn monolayer graphene to an
insulator with a band gap of 3 eV due to formation of sp2 C−F
bonding on both sides, creating fluorographene.16 However,
stacking the double-side fluorinated graphene monolayer on a
TMD will not result in smooth and stable contacts due to the
covalent bonding of F atoms at the graphene/TMD interface.
In this study, we show that fluorinated bilayer graphene

(FBLG) can be used as an interlayer to effectively prevent FLP
at metal-2D material interfaces. Raman scattering and X-ray
photoelectron spectroscopy (XPS) measurements reveal that
after 1−3 min of exposure to SF6 plasma only the top layer of
bilayer graphene is fluorinated with covalent C−F bonds, while
the bottom layer remains intrinsic and free of dangling bonds
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and F species. Fluorination of mono- and bilayer graphene has
previously been observed to lead to opening of a bandgap in
the BLG.17 As a proof of concept, we fabricate and investigate
the transport properties of metal/FBLG-contacted MoS2
transistors, using contact metals with different work functions.
The extracted SBH in control devices without a FBLG layer at
the metal/MoS2 junctions is almost identical for all metals as
characteristic of strong FLP. On insertion of FBLG, the SBH
dramatically reduces for low-work function metals, resulting in
higher on-current of the transistor. In addition, it alleviates the
line-up effect of the work function of the metal at the interface,
leading to a better pinning factor. Our results define a
straightforward method to generate thin dielectrics for
depinning the Fermi level at metal/TMD interfaces in 2D
material-based devices, as well as for various applications in
advanced electronics and optoelectronics, and can be readily
applied at the wafer scale using chemical vapor deposition
(CVD)-grown graphene.

■ RESULTS AND DISCUSSION
To demonstrate a possible gap opening in FBLG, we fabricate
field-effect transistors (FETs) using exfoliated bilayer graphene
on SiO2/Si substrates both with and without applying the
fluorination process and investigate their electrical transport
properties (Figure 1). BLG flakes were identified from the
visual contrast in an optical microscope18 and verified by
Raman scattering and atomic force microscopy measurements.
The samples were annealed at 300 °C in an Ar/H2
environment for 2 h to remove residues on their surfaces.
Fluorination is carried out in an inductively coupled plasma
(ICP) etcher with SF6 precursor gas under a high vacuum of
10−6 Torr over a typically short time (1−2 min) in an attempt
to limit fluorination to the top layer. To verify this, we used
Raman spectroscopy and XPS to examine the sample after
fluorination. Figure 2a shows the evolution in the Raman
spectrum of BLG with increasing fluorination time. Features
corresponding to defect active bands are observed during
fluorination, which include a blue-shift of the G peak, reduced
intensity and broadened full width of half-maximum (FWHM)
of the 2D peak, and the appearance of the D and D′ peaks.
Figure 2b shows the trends of the 2D peak as a function of
fluorination time. The 2D peak of pristine BLG is well fitted by
four Lorentzian components while after 185 s of fluorination it
is best fitted with only one component (see SI, Figure S1).
This is attributed to a progressive transformation of the 2D
band of the bilayer into one of a monolayer. The enlarged

FWHM of the 2D peak is due to loss of the AB-stacking
configuration caused by induced-defects on the top graphene
layer.16,19,20 It is also noted that the FWHM of the D peak in
our fluorinated BLG is about 40 cm−1 (see SI, Figure S1),
which is in line with the previous studies on the Raman spectra
of single-side functionalized BLG.19 This indicates that only
the top layer of BLG is fluorinated, while the bottom layer
remains pristine, with C−F covalent bonds forming only on
the surface of the top layer of BLG, as illustrated in Figure 1a.
Metal contacts of Cr/Au (20/80 nm) are made on pristine

and fluorinated graphene using standard electron-beam
lithography and e-beam evaporation.21 The current−voltage
characteristic of the BLG device shows a linear behavior with
high conductivity, while it is nonlinear with much lower
current in the FBLG device, as seen in Figure 1c. Using Si as a
back-gate through the SiO2 insulating layer, we clearly observe
the distinctive features in the transfer curve of FBLG compared
to that of pristine BLG including (i) increased resistance
(without, however, reaching the insulating regime as in the
case of fluorographene16 or perfluorographene20), (ii)
improved on−off ratio, and (iii) a large 40 V shift of the
charge-neutrality point toward the positive gate voltage. We
attribute these effects to a small bandgap opening and p-
doping in BLG after fluorination.22−24

The fluorination induces an asymmetry between the top and
bottom graphene layers due to differences in carrier
concentrations and/or a disordered lattice structure. Varying
the back-gate voltage increases this inequivalence further. As a
result, changes in the Coulomb potential lead to opening of a
gap between valence and conduction bands of BLG.24 To
estimate the electrical bandgap of FBLG, we adopt a well-
known method built by Xia et al., which assumes that the off-

Figure 1. (a) Schematic of a cross-sectional view of FBLG on the substrate. Gray circles denote the carbon(C) atoms and the pink ones represent
the fluoride (F) atoms. Covalent C−F bondings form at the surface of the top layer of BLG after fluorination. (b) Band diagram of pristine BLG
and FBLG. (c) Current−voltage characteristics of BLG and FBLG at VG = 0 V. The inset shows an optical microscopy image of the device. The
scale bar is 5 μm. (d) Dependence of the resistivity of the BLG and FBLG on the back-gate voltage. A higher on−off ratio observed in the FBLG
device suggests the presence of a band gap opening after fluorination.

Figure 2. (a) Evolution of the Raman spectra of BLG with increasing
fluorination time. (b) Intensity and FWHM of the 2D peak as a
function of fluorination time.
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current of the BLG transistor is proportional to exp( −
qϕbarrier/kBT), where q is the electron charge, φbarrier is the SBH
at the interface of BLG and metal electrodes, kB is the
Boltzmann constant, and T is the temperature.25 The bandgap
of BLG is double the size of the SBH at the charge neutrality
point. Then, the increased bandgap of fluorinated BLG is ΔEg
= 2Δ(ϕbarrier) = 2(kBT/q) ln (Ioff0 /Ioff), where Ioff0 and Ioff are the
off-currents of pristine and fluorinated graphene, respectively.
The bandgap of our FBLG is estimated to be about 75 meV,
which is in a similar range of the molecular doped BLG
reported in refs 22, 23.
Figure 3 presents the XPS spectra of BLG after 185 s

fluorination. In the C1s spectrum region (Figure 3a), beside

the strong and sharp peak of the C−C sp2 bond centered at
about 284 eV, we clearly observe the satellite peaks relating to
the C−F bonds. The peak (red color) at about 285.2 eV
correspond to the C−CF sp3 covalent bonds.26 The features at
around (violet) 287, (blue) 290.7 (blue), and (green) 292 eV
are attributed to the C−F2,3, C−F2, and C−F3 groups,
respectively.26,27 The relative amount of these components
extracted from the fitting procedure is about 30, 7.6, 34, and
3.6%, respectively. It should be noted that these amounts may
not represent the exact fractions of the chemical groups on the
sample due to the complexity of the surface chemistry of
FBLG. This does, however, confirm the existence of the C−F
bonds on the surface of BLG after fluorination. Figure 3b
shows the XPS spectrum of the FBLG in the F1s region,
confirming the coexistence of the covalent and so-called semi-
ionic F−C bonds on FBLG.27

Having established that the BLG is transformed into FBLG
with a small bandgap, we now use it as an interlayer between
metal contacts and semiconducting TMDs to investigate the
FLP effect. We choose MoS2 as the conducting channel for the
fabricated FET device because this material is most intensively
studied among TMDs with promising advantages for various
applications in field-gated electronics,28 optoelectronics,29

spintronics,30 valleytronics,31 sensors,32 and so on.33 Multilayer
MoS2 with a thickness of about 10 nm is first mechanically
exfoliated on a SiO2/Si substrate using the scotch-tape
method.34 BLG is produced by the mechanical exfoliation
method and stacked on the MoS2 flake by aligned transfer
under a microscope.34,35 The sample then is coated by a
polymethyl methacrylate (PMMA) layer, and the contact
regions are opened by using the electron-beam lithography
process. Fluorination is applied to induce FBLG, and metals
with different work functions including Ti, Cr, Au, and Pd with
a thickness of 20 nm are deposited as the electrical contacts.
To protect the metals from oxidation, all the contacts are
covered by a thick Au layer (100 nm). The channel region is
defined by another lithography step, and the remaining excess

BLG on MoS2 is etched away using oxygen plasma, resulting in
the FET structure shown in the inset of Figure 4a. Control

devices, wherein the metal contacts are directly deposited on
MoS2 or using BLG without fluorination as the insertion layer,
are fabricated under the same conditions to allow for a direct
comparison. Figure 4 shows the gate-modulated currents
(transfer curves) of the MoS2 FET without and with the FBLG
insertion layer. It is clearly observed that for low-work function
metals (Ti and Cr), much higher on-currents in all gate voltage
regimes are achieved with insertion of the FBLG layer, while
for high-work function metals (Au and Pd), there are crossover
points in the transfer curves of the devices without and with
FBLG. The increased current of the devices with Ti/FBLG and
Cr/FBLG contacts is a result of the reduced SBH at the metal/
MoS2 junctions, and the crossover point is signature of the
injection of holes into the valence band of MoS2.

36

To obtain the effective SBH at the metal contacts and MoS2
interfaces, we adopt the 2D thermionic emission equation to
extract the activation energy from the slope of an Arrhenius
plot. At a certain temperature, current flow in the channel as7,9
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where W is the channel width, A2D* is the 2D equivalent
Richardson constant, ϕB is the SBH, and VD is the applied
drain voltage. We measured transfer curves of the devices at
different temperatures and extracted the SBH at each gate
voltage by linearly fitting the plot of ln(I/T3/2) versus 1000/T.
The extracted SBH, ϕB, is then plotted as a function of gate
voltage for all devices as shown in Figure 5a−d. We applied VD
= 1 V to extract the SBH in all devices using comparable
conditions. The use of a relatively high VD contributes to
reduce the impact of the Schottky barrier at the drain side.7

The effective SBH at the contact junction is defined as the
activation energy at the flat-band gate voltage, which is seen as

Figure 3. XPS spectra of FBLG in (a) C1s and (b) F1s ranges.
Figure 4. Transfer curves of the MoS2 transistors without and with
FBLG insertion into the metal/MoS2 interfaces (a−d). The insets of
(a) and (b) show a cross-sectional schematic and the optical
microscopy image of the MoS2 device.
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the point where ϕB ceases to decrease linearly with gate
voltage.37 It can be seen in Figure 5a−d that when the metals
form direct contact to MoS2, the SBH is just slightly changed
(50 meV) from Ti to Pd, even though the difference of work
function between these two metals is about 1 eV. This is clear
evidence of the strong FLP effect at the metal/MoS2 junctions.
By insertion of FBLG, however, the SBH significantly reduces
for the Ti and Cr electrodes, consistent with the increased
current in the transfer curve (Figure 4a,b). The reduction of
the SBH in case of Au contact is small (Figure 5c), and
interestingly, the SBH increases when FBLG is inserted
between Pd and MoS2 (Figure 5d).
Experimentally, strong FLP observed in 2D material-based

devices is usually attributed to several mechanisms including
(i) penetration of the wave function of metal contact electrons
into the 2D crystal, which induces a large metal induced gap
state (MIGS) even for an ideal 2D surface without defects,9,10

(ii) intrinsic defects and/or impurities in 2D materials, and
(iii) extrinsic disorder-induced gap states (DIGSs) forming
during device processing.7−10 Despite the surface of the TMD
materials having no dangling bonds, a high density of intrinsic
defects (1010−1011 per cm−2) is generally observed in thin
flakes exfoliated from bulk materials due to the presence of
impurities, S-vacancies, and/or metal-like defects in the
crystal.38,39 Moreover, deposition of the contacts using an
electron-beam evaporation process can introduce defects into
the crystal structure of the TMD monolayers or topmost TMD
layers, generating the extrinsic disorder-induced gap states.40

We anticipate that all these factors contribute to FLP in our
MoS2 devices, although which mechanism is dominant is not
clear or easy to determine. As a result, a large SBH forms at the
interface, although the work function of Ti (4.3 eV) and Cr
(4.5 eV) is above or aligned with the conduction band
minimum of MoS2. In addition, due to the strong FLP, the

Fermi levels of the metals are lined-up and pinned to the
MIGS, as illustrated in the inset of Figure 5f (left panel).
Insertion of FBLG weakens the FLP owing to the two effects.
It prevents the formation of the MIGS because the distance
between the metal contact and MoS2 surface is increased. In
addition, FBLG acts as a protection layer to reduce the DIGS
formed on the surface of MoS2 in the contact region during
metal deposition. These, consequently, reduce the band
bending and remove the lining-up of the work functions of
the metals, depicted in the inset of Figure 5f (right panel).
Insertion of FBLG weakens the FLP owing to the two effects.
It prevents the formation of the MIGS because the distance
between the metal contact and MoS2 surface is increased. In
addition, FBLG acts as a protection layer to reduce the DIGS
formed on the surface of MoS2 in the contact region during
metal deposition. These, consequently, alleviate the band
bending and remove the line-up of the work function of the
metal, depicted in the inset of Figure 5f (right panel). This
explains the observation of the opposite trends in SBH of the
contacts with low (Ti, Cr) and high (Pd) work functions, after
FBLG insertion.
Ideally, the SBH, ϕB, is given by the difference between the

work function of a metal, φM, and the electron affinity of the
semiconductor, χ, following the Schottky−Mott (SM) rule41

B M= (2)

However, the MIGS formed at the interface produces
deviations from the SM rule and introduces a FLP effect. The
SBH is then characterized quantitatively by introducing a
pinning factor, S, and charge neutrality level, φCNL, as

41

S( ) ( )B M CNL CNL= + (3)

Figure 5. (a−d) Effective electron SBH of the metal/MoS2 contacts without and with FBLG. (e) Extracted pinning factor (S) for the MoS2 devices
with different contacts. (f) Alignment of the Fermi level in MoS2 with the metal contacts without and with inserted FBLG.
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The pinning factor is used to estimate how severely FLP
occurs at the contacts. In the ideal case, S = 1 (the SM rule)
where no FLP is at the interface, while the zero value of S
represents complete pinning. Experimentally, S can be defined
as the slope of φB vs φM. Figure 5e shows the S values extracted
from the MoS2 devices with the different metal contacts
without and with the FBLG interlayer. It is obvious that S is
typically small (0.07) when the metals directly contact MoS2,
reconfirming strong FLP. We observe that insertion of pristine
BLG makes FLP slightly more pronounced. The exact
mechanism why pristine BLG leads to a smaller value of S is
not clear at this point. Using fluorinated BLG as the interlayer,
we would improve the pinning factor to more than 5 times to
reach S = 0.37 (the red line). This value is even higher than
those reported to date using high-quality thin insulating
interface layers such as TiO2, ZnO, or h-BN.13−15 Figure 5f
summarizes our observations of FLP in our MoS2 devices using
the different metal contacts without and with FBLG. Insertion
of FBLG between the metal and MoS2 results in a significant
reduction in available MIGS, lowers the band banding of
MoS2, alleviates the line-up of metal work functions, and
depins the Fermi level.
The pinning factor of our MoS2 device with FBLG is about

0.37, which is still not close to the ideal case (S = 1), indicating
that some degree of Fermi level pinning is still remaining at the
metal/FBLG/MoS2 interface. This may be because the
thickness and/or bandgap of FBLG is not sufficiently
optimized. Further studies are being carried out to achieve
even better results using CVD-grown graphene, where multiple
transfers can be used to optimize the thickness in a practical
and scalable manner. Because the fluorination anyway
decouples the top-layer from the bottom layer, whether the
BLG was initially Bernal stacked or not, the stacking order of
the BLG is very likely not to have any influence on the result.
This opens for the intriguing possibility of replacing BLG,
which is still challenging to grow on a large scale, with two
large, sequentially transferred single-layer graphene sheets
grown by chemical vapor deposition. Wafer-scale growth and
transfer techniques for graphene and other 2D materials have
been developed rapidly in recent years42−45 and are today
mature routes for mass production. Further study is needed to
ultimately prove that non-Bernal stacked CVD graphene
bilayers can indeed be used for large-scale depinning of the
Fermi level of TMD devices and employed in mass production
of 2D electronics.

■ CONCLUSIONS
In summary, our work demonstrates a simple and fast process
to convert (semi)metallic BLG to the fluorinated bilayer
graphene system where C−F bonds form only on the surface
of the top graphene layer. This allows us to open a small
bandgap of the top layer while keeping the bottom layer
intrinsic and free of dangling bonds. We prove that this FBLG
layer can be used as an interlayer between the metal contacts
and MoS2 to effectively prevent FLP and thus reduce contact
resistance. Our result provides a new strategy to fabricate new
synthetic 2D dielectrics that have the potential to be scaled
effectively by replacing the BLG with double-transferred CVD-
grown single layer graphene. This atomically thin layer has
useful applications not only in depinning the Fermi level at
metal/TMDs junctions in 2D material devices, but also paves
the way to various applications such as insulating protective

coatings for monolayer graphene, dielectric engineering,46 and
advanced quantum electronics.47

■ METHODS
Fluorination of BLG. BLG was exfoliated from graphite (NGS

Naturgraphit, Germany) on an SiO2/Si substrate. The bilayer flakes
were defined from the visual contrast in an optical microscope and
verified by Raman scattering. The samples were annealed at 300 °C in
an Ar/H2 environment for 2 h to remove residues on their surfaces.
Fluorination is carried out in an inductively coupled plasma etcher
(ICP, SPTS Technology) using SF6 precursor gas with a platen power
of 20 W at room temperature under a high vacuum of 10−6 Torr. The
fluorination time was typically short (1−2 min) in an attempt to
primarily affect the top layer.

Fabrication of BLG and FBLG Devices. Metal contacts of Cr/
Au (20/80 nm) were made on pristine and fluorinated bilayer
graphene using standard electron-beam lithography (JEOL 9500FSZ
at 100 keV) and e-beam evaporation. Back gate voltages were applied
to the highly p-doped Si substrate with a 300 nm thick SiO2 layer to
make the FET structure.

Fabrication of the MoS2 Device with the FBLG Insertion
Layer. Multilayer MoS2 was first mechanically exfoliated from bulk
materials (HQ graphene) on an SiO2/Si substrate. BLG was stacked
on the MoS2 flake by an aligned transfer under a microscope.34,35 The
sample then is spin coated with PMMA, and the contact regions are
opened using electron-beam lithography. Plasma fluorination is
applied to induce FBLG, and metals with different work functions
including Ti, Cr, Au, and Pd with a thickness of 20 nm are deposited
as the electrical contacts. To protect the metals from oxidation, all the
contacts are covered by a thick Au layer (100 nm).

Raman and XPS Spectroscopy Methods. Raman spectra were
acquired at room temperature with an excitation wavelength of 532
nm. XPS measurements were conducted at room temperature under a
high vacuum of 10−9 mbar.

Electrical Characterization. Electrical transport measurements
of the fabricated devices were performed using a semiconductor
parameter analyzer (Keithley 2000) in a vacuum probe-station which
can heat the sample state at different temperatures.
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Figure S1. (a) Raman spectra of pristine bilayer graphene. (b) The 2D peak of pristine BLG is well 

fitted with four Lorentzian components. (c) Raman spectra of the BLG after 185s fluorination, 

with D and D’ peaks appearing. The FWHM of the D peak is about 40 cm-1, which manifests the 

single-sided functionalized BLG1. (d) The 2D peak of fluorinated BLG is best fitted with only one 

component.



Figure S2. (a-c) Transfer curves at different temperatures of the MoS2 transistors fabricated using 

Ti metal contact without and with pristine and fluorinated bilayer graphene. (d-f) Extracted 

Schottky barrier height (SBH) of the metal/MoS2 interfaces without and with pristine and 

fluorinated bilayer graphene2,3.
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Figure S3. (a-c) Transfer curves at different temperatures of the MoS2 transistors fabricated using 

Cr metal contact without and with pristine and fluorinated bilayer graphene. (d-f) Extracted 
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Schottky barrier height (SBH) of the metal/MoS2 interfaces with and without pristine and 

fluorinated bilayer graphene.
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Figure S4. (a-c) Transfer curves at different temperatures of the MoS2 transistors fabricated using 

Au metal contact without and with pristine and fluorinated bilayer graphene. (d-f) Extracted 

Schottky barrier height (SBH) of the metal/MoS2 interfaces without and with pristine and 

fluorinated bilayer graphene.
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Figure S5. (a-c) Transfer curves at different temperatures of the MoS2 transistors fabricated using 

Pd metal contact without and with pristine and fluorinated bilayer graphene. (d-f) Extracted 

Schottky barrier height (SBH) of the metal/MoS2 interfaces without and with pristine and 

fluorinated bilayer graphene.
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