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Figure 22. Characterizations of wrinkled MoS2. (a) Optical image of a MoS2 flake on SiO2 

substrate; (b) Atomic force microscope scanning image of (a); (c)and(d) Height profiles 

of corresponding dash lines in (b); (e) Optical image of a MoS2 flake on Si3N4 substrate; 

(f) Atomic force microscope scanning image of (e); (g)and(h) Height profiles of 

corresponding dash lines in (f). Note that the vertical scales (y-axis) are in profiles figures 

are nanometers, and the horizontal scales (x-axis) are in micrometers. (i) A typical optical 

image of wrinkled MoS2 flakes on SiO2. The region between white dashed lines is wrinkled 

region. (j) and (k) Raman position mapping of E1
2g mode and A1g mode, respectively. Both 

E1
2g mode and A1g mode peak in the wrinkled regions (between two dashed lines) have 

a red shift (low Raman position shift) comparing to that of MoS2 in a flat region. (l)  Raman 

position difference between E1
2g mode and A1g mode. No obvious color transition from 

flat to wrinkled MoS2 indicates that there is not strong axial compressive strain or 

separation between MoS2 layers in the wrinkled region. The units for the scale bars in (j), 

(k), and (l) is cm-1. ......................................................................................................... 70 

Figure 23. Wrinkled MoS2 on substrate and adhesion energy calculation and analysis.(a) 

Schematic the wrinkled MoS2, L0 is the original length of the MoS2, L is the project length 

of wrinkled MoS2 on substrate, A and λ stand for the amplitude and wavelength of the 

wrinkle respectively; and red arrows stand for the surface energies at contact region, 𝛾𝑓 

and 𝛾𝑠 are the surface energies of the MoS2 film and the substrate respectively, 𝛾𝑓𝑠 is 

the energy for the film/substrate interface, and 𝜃 is contact angle; (b) Schematic of energy 

distribution in wrinkled MoS2, sheet energy is not shown here; (c) Adhesion energy 

calculation of MoS2 on SiO2 (black squares) and Si3N4 (red triangles) surface versus 

normalized amplitude 𝐴𝑡. The green dashed line is the 𝐴𝑡 =3.4. Grey area has  𝐴𝑡 < 3.4 
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and the green area has 𝐴𝑡 > 3.4. The black and red dash lines are the average of 

respective data for SiO2 and Si3N4 in the green area; (d) and (e) The thickness 

dependence of the adhesion energies of MoS2 on SiO2 and Si3N4, the value of the black 

dash is  = 0.170 and value of the read dash is  = 0.252; (f) Length scale parameters 

3𝛾𝜆32𝜋2𝐸𝑡3  (blue) and 𝐴2𝜋24𝜆 (black) versus 𝛥𝐿. ...................................................... 72 

Figure 24. MoS2 wrinkling on SiO2 and Si3N4 surface mechanism analysis. (a) Optical 

image of the thin MoS2 flakes on SiO2 surface right after mechanical exfoliation. The dark 

bar region is the wrinkle; (b) Atomic force microscopy scanning of the same area in (a). 

The wrinkle collapsed and formed fold in the scanning process. The thickness of the flake 

in wrinkled region is 10 nm; (c) Optical image of the thin MoS2 flakes on SiO2 surface after 

scanning, the wrinkles collapsed and disappeared and fold was formed; (d), (e), and (f) 

Schematics of symmetrical, asymmetrical and folder wrinkles on substrates; (g) Scanning 

electron microscope image of a sharp and asymmetry wrinkled MoS2; (h) Scanning 

electron microscope image of a layers delamination in MoS2, the top layers is thin and 

wrinkled and delaminated form the bottom layers; (i) Surface roughness analysis of SiO2 

and Si3N4 substrates. Solid lines are the Lorentzian fittings for the roughness data. .... 77 

Figure 25. Asymmetric Wrinkled MoS2 on SiO2. (a) Typical optical image of a wrinkled 

MoS2 (b) Atomic force microscopy characterization image of the same wrinkled in (a), 

insert is the height profile along the dashed line (1-1’). (c) and (d) SEM image of an 

asymmetric wrinkle. ....................................................................................................... 79 

Figure 26. FESEM image of wrinkles on graphene and angular spectrum investigation. 

(a) FESEM micrograph of one and a half bacterium. The inserted figure is the brightness 

contrast scan. DB is the diameter of the bacteria and DW is the diameter of the wrinkle 
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area atop the bacteria surface, (b) The texture direction Study of rectangular area in (a), 

and (c) The texture aspect ratio study of rectangular area in (a). .................................. 83 

Figure 27. AFM and simulation studies of graphene on bacteria before and after 

vacuum/heat treatment. (a) Image of grapheme on the bacteria before vacuum and 

temperature; (b) Image of bacteria area under graphene after vacuum and temperature 

treatment. Insert figures are height scanning of white dash line in figure (a) and (b), 

respectively. (c) Time study of height bacteria in air after vacuum. Bacteria without 

graphene covered (Black dash line), bacteria with graphene covered; (d) Bacteria with 

graphene covered in water after vacuum. ..................................................................... 84 

Figure 28. Raman spatial mapping of G peaks on same position before and after vacuum 

treatment. (a) G peak position mapping of graphene-on-bacteria surface before vacuum; 

(b) G peak position mapping of graphene-on-bacteria surface after vacuum; (c) Raman 

spectrum of typical position of graphene on SiO2/Si substrate (G) and on position of white 

square showing in (a) before vacuum (GB); (d) Raman spectrum of typical position of 

graphene on SiO2/Si substrate (G) and on position of white square showing in (b) after 

vacuum (VGB). Scale bars in (a) and (b) is 1 m. ......................................................... 86 

Figure 29. Longitudinal and Transverse carrier-transport measurements of wrinkled 

graphene on bacteria. (a) Schematic of graphene on bacteria FET device, and a typical 

optical image of device design after graphene placement via electrophoretic deposition 

with subsequent lithography technique: longitudinal direction (LD) and transverse direction 

(TD) are depicted with arrows. The scale bar is 10 mm. (b) Activation Energy: Resistances 

(at gate voltage of 85 V) at different temperatures were measured to determine the 

activation energy carrier transport. The inset figure shows Rayleigh scattering mapping 
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of device, inset figure is Raman intensity mapping of graphene-2D peak. (c) IDS - VDS 

study at 10 K for L- and T- directions at different gate voltages shows the higher 

conductivity in the L-direction. Inset shows the FET characteristics of drain-source current 

(IDS) vs. the gate–source voltage (VGS) at 1 mV (VDS). (d) FET transport characteristics of 

IDS vs. VGS at 10 K with clear demonstration of Dirac points. ......................................... 89 

Figure 30. Wrinkled MoS2 on SiO2. (a) Schematic illustration of wrinkled MoS2 on SiO2 

substrate. (b) Optical image of a wrinkled MoS2. (c) and (d) AFM characterization of the 

wrinkled MoS2 in (b). (e)Wrinkle’s height profile along the black dashed line (1-1’) in (c). 

(f) Thickness profile of MoS2 flake along the red dashed line (2-2’) in (d). (g) and (h) 

Raman position mapping of E1
2g mode and A1g mode, respectively. The A1g mode is less 

affected than the E1
2g. White dashed squares are wrinkled regions. The units of the scale 

bars in (g) and (h) are cm-1. ........................................................................................... 94 

Figure 31. Optical images of some wrinkles in MoS2. ................................................... 96 

Figure 32. Wrinkles flattening and disappearing through sliding. (a) Optical image of a 

wrinkled MoS2. (b) Same MoS2 flakes in (a) after overnight without any treatment. (c) 

Optical image of a wrinkled MoS2. (b) Same MoS2 flakes in (c) after 12 months without 

any treatment. Arrows indicate the positions of wrinkles in fresh wrinkled MoS2. ......... 97 

Figure 33. AFM characterization of wrinkles in MoS2. ................................................... 98 

Figure 34.Raman and PL position mapping of symmetric wrinkles in MoS2 on SiO2. (a) 

and (b) Raman position mapping of E1
2g mode and A1g mode, respectively. The A1g mode 

is less affected than the E1
2g. White dashed squares are wrinkled regions. The units of 

the scale bars in (a) and (b) are cm-1. (c) Typical Raman spectra for wrinkled (red) and 

flat (black) MoS2. Dotted lines and dashed lines are the positions of E1
2g mode and A1g 
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mode, respectively. (d) Raman position mapping difference between E1
2g mode and A1g 

mode (A1g - E1
2g). White dashed rectangle is wrinkle effected region. (e) PL energy 

mapping of A exciton peak. Black dashed rectangle is wrinkle effected region. ............ 99 

Figure 35. Raman and photoluminescence (PL) characterization of different kinds of 

wrinkled MoS2. (a) to (c) Schematic illustrations of symmetric (a), asymmetric (b) and 

folded (c) wrinkles in MoS2. (d) to (f) Raman position difference between E1
2g mode and 

A1g mode (A1g - E1
2g) of symmetric (d), asymmetric (e) and folded (f) wrinkles in MoS2. 

White dashed rectangles are wrinkle effected regions. The scale bar is from 15 to 30 cm-

1 for all three Raman position mappings. (g) to (i) PL A peak position mappings of A 

exciton peak for the symmetric (g), asymmetric (h) and folded sample (i) wrinkles in MoS2. 

The scale bar is from 1.78 to 1.88 eV for all three energy mappings. The black dashed 

rectangles are wrinkle effected regions. (j) to (l) Typical PL spectra profiles measured on 

flat (black circles) and on a wrinkled (yellow or red circles) regions. (j) The A peak of 

symmetric wrinkled MoS2 has an obvious red shift to that of flat MoS2. (k) The A peak of 

symmetric wrinkled MoS2 has a slight red shift to that of flat MoS2. (l) The A peak of folded 

MoS2 has same position to that of flat MoS2. .............................................................. 101 

Figure 36. Wrinkled MoS2 on SiO2 and photoluminescence spectroscopy of wrinkled 

MoS2. (a) Optical image of a MoS2 flake with several wrinkles. (b) and (c) PL energy 

mappings of A exciton peak of square regions in (a). The wrinkled induced reduction of 

optical band gap is clear shown in (b) and (c). And the widths of band gap modified 

regions are much larger than the wavelength of the wrinkles. ..................................... 102 
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ABSTRACT 

Structure and strain engineering is the process of tuning a material's properties by altering 

its mechanical or structural attributes. Atomically thin two-dimensional nanomaterials 

(2DNMs), such as graphene, boron nitride (BN), and transition metal dichalcogenides 

(MoS2, WS2, etc.), which have been extensively studied in recent years, are particularly 

well-suited for strain engineering because they can withstand large strains. Wrinkling has 

shown its great advantages to introduce well-controlled local structure and strain in 

2DNMs. However, the studies on understanding of the wrinkles formation, wrinkling 

processes for nanoscale confined and directed wrinkles, and wrinkle-effect and 

application in 2DNMs are still in its infancy. This thesis first shows that parallel and self-

similar hierarchical wrinkles pattern can be formed on ultrathin cobalt/chromium film atop 

a contracting silicone oil meniscus. Interesting, these wrinkle attributes do not follow the 

standard von-Kármán wrinkling scaling near the edge, attributed to the added surface 

energy (L/λ ∝ (A/t)0.31). An energy model is developed and shows a linear relation 

between the amplitude and the length of wrinkles at all observed hierarchic levels (L ∝ A). 

Additionally, wrinkles (wavelength = 10 nm ∼ 10 m) can be found in mechanical 

exfoliated MoS2 flakes on silicon based substrates (SiO2 and Si3N4). A mechanical energy 

model is proposed that equates the adhesion energy of MoS2 on SiO2 and Si3N4 to the 

attributes of a single wrinkle in a MoS2 flake. The adhesion energy values of 0.170 ± 0.033 

J m–2 for MoS2 on SiO2 and 0.252 ± 0.041 J m–2 for MoS2 on Si3N4 are determined.  

Further, we show that selective desiccation of a bacterium under impermeable and 

flexible graphene via a flap-valve operation produces axially aligned graphene wrinkles 

of wavelength 32.4–34.3 nm, consistent with modified Föppl–von Kármán mechanics 
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(confinement ∼0.7 × 4 μm2). An electrophoretically oriented bacterial device with confined 

wrinkles aligned with van der Pauw electrodes is fabricated and exhibited an anisotropic 

barrier (ΔE = 1.69 meV). Finally, we show that wrinkles can induce uniaxial strain, 

spatially reconfigured doping distribution, phonon softening (2 cm-1/% deformation for 

Raman E1
2g mode), and reduction of the optical bandgap (40∼60 meV/% deformation) in 

multilayer MoS2 flakes. A larger barrier (ΔEA= 106.6 meV) and a higher carrier mobility 

are exhibited in the MoS2 devices with wrinkles in the field-effect transistor studies. 

Further, a 1000-fold improvement in the on/off ratio and a 10-fold photocurrent 

enhancement over flat MoS2 devices are also observed in optoelectronic studies. This 

phenomenon is attributed to the exciton funneling and the built-in potential induced by 

bandgap-reduction and doping-variation in wrinkled devices. This study shades a new 

understanding on the mechanism for hierarchical wrinkle pattern in thin-film metal, 

demonstrate the bio-induced production of confined, well-oriented, and electrically 

anisotropic graphene wrinkles and wrinkle-induced properties modification in MoS2. The 

wrinkle-induced tunability of bandgap and transport in 2DNMs devices can potentially 

evolve technologies in flexible electronic and optoelectronic devices based on 2DNMs. 
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1. INTRODUCTION 

2DNMs with the thickness ranging from 1 to 3 atoms include graphene, BN, MoS2, and 

other transition metal dichalcogenide (TMD) monolayers have been extensively studied 

since graphene was first discovered in 2004.(1, 2) Due to a unique combination of its 

crystallographic, electronic and chemical structure, graphene exhibits extraordinary 

properties, including highest room-temperature carrier mobility,(3) a weak optical 

absorptivity,(4) high thermal conductivity,(5) and high mechanical strength.(6, 7) 

Graphene can be produced via graphite exfoliation (scotch-tape method),(1) chemical 

vapor deposition (CVD),(8-10) sublimation of SiC(11), and reduction of graphene 

oxide.(12) Currently, CVD is widely employed to produce graphene with a controlled 

number of layers, large area, and high quality. Here, metal catalysts dissociate carbon 

precursors into carbon atoms which bind together to form graphene. These graphene 

sheets are then transferred to arbitrary substrates for further study and/or applications.(8, 

10, 13, 14) However, graphene is a zero-bandgap material, so unlike conventional 

semiconductors, it cannot be switched off which scuppers its direct applications in 

electronics. Extensive researches have been performed to introduce band gap in 

graphene, like wrinkling and functionalization of graphene. Three-dimensional (bulk) 

TMDs show various electronic, optical, mechanical, chemical and thermal properties that 

have been investigated for a long time.(15, 16) However, a resurgence of scientific and 

engineering interest in TMDs was because of recent advances in their atomically 2D thin 

film preparation, optical detection (Raman and PL), transfer of 2DNMs, and physical 

properties understanding of 2DNMs based on the researches on graphene in last 

decade.(17) 2D TMDs, atomic thin nanomaterials of the type MX2, with M, a transition 
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metal atom, (Mo, W, etc.) and X, a chalcogen atom, (S, Se, or Te.) have been seen as 

promising substitutes for graphene. The strain-dependent properties of TMDs opens the 

possibility of various applications by strain engineering. Manipulating the properties of the 

TMDs by forming wrinkles is an effective route for tailoring the performance of 2D TMDs 

devices. 

Therefore, my research is focused on a) understanding the formation mechanisms of 

wrinkles in thin 2DNMs, b) wrinkle-effect on properties modification in graphene, and (c) 

wrinkle-effect on properties modification and further application based wrinkling structure 

in 2D TMDs (MoS2).  

1.1 Wrinkle formation in thin films 

Under compression, 2DNMs exhibit surface corrugations (wrinkles, ripples and crumples). 

This phenomenon separates 2DNMs from their 0D (nanoparticals) and 1D counterpart 

(nanowires and nanotubes) because under compression, 1D nanomaterials exhibit 

bending; while 0D nanomaterials remain unchanged in their structural form. The 

corrugations in 2DNMs can be characterized as wrinkles, ripples, and crumples based on 

their aspect ratio, physical dimensions, and order. Wrinkles and ripples occur on 

nominally two-dimensional plane, where wrinkles have a high aspect ratio with width 

between 1 and tens of nm, height below 15 nm, and length of 100 nm (aspect ratio > 10); 

and ripples are more isotropic (aspect ratio close to 1) valleys and peaks with feature size 

below 10 nm. On the other hand, crumples are dense deformations (folds and wrinkles) 

occurring isotropically (ordered or unordered) in two or three dimensions (similar to 

crumpled paper).  
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Wrinkling in soft elastic sheets is a well-established phenomenon,(18-24) however, 

wrinkles on rigid materials have received relatively less attention.(18, 25) As materials 

become thin, the bending energy, even for the rigid materials (e.g. metals), reduces 

significantly (∝ thickness3) making it easier to form wrinkles. For example, a thin rigid film 

deposited on contracting elastomeric substrates(26-29) (polydimethylsiloxane 

(PDMS)(27)) can readily undergo wrinkling. The transfer of the elastic energy of the 

substrate to the bending energy of the film creates wrinkles by reducing the projected 

area below the film’s surface area. This process is governed by von-Kármán equations. 

Because of the relatively small Young’s modulus of elastomers (PDMS), the bending is 

limited, forming large wrinkles on the rigid films (metal films: wavelength = 25 μm) (Figure 

1).(28) Wrinkles have been observed and well-studied on thin elastomeric films floating 

on liquid surfaces (18, 20) and on films holding liquid droplets.(19, 22, 24, 30, 31) It has 

 

Figure 1. Wrinkles in thin films. (a) Water drop induced wrinkle in polystyrene thin film with thicknesses (72 nm) 

floating on the surface of water. (b) An optical image of the PDMS surface bucking after Cr/Au deposition. (c) 

Longitudinal wrinkles on the skin of a dried date (λ = 4.6 mm) and a raisin (dried grape) (λ = 1.5 mm). Science 

(2007) 5838, 650-653; Nature (1998) 6681, 146−149. 
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been shown that the wrinkle patterns near the thin soft films/liquid interfaces are governed 

by the capillary energy (18, 20, 31) between liquid and films. 

1.2 Mechanical properties and wrinkles in graphene  

Graphene is a two-dimensional (2D) monolayer of carbon atoms with a honeycomb lattice, 

it has received significant interest since it was successfully exfoliated in 2004.(1, 2) 

Graphene is very thin and flexible, and ready for wrinkles and deformation as shown in 

Figure 2. Similar to other thin film, graphene's deformation is governed by its mechanical 

properties (Young's modulus, interfacial energy and number of layers). Due to the 

hexagonal arrangement of carbon atoms, the graphene can be terminated with a zigzag 

edge and an armchair edge. Further, the edge structure, and termination play important 

roles in the properties of graphene. Theoretically, the thickness of the graphene is ∼ 0.35 

nm (the thickness of one layer of carbon atom in graphite).(32) However, the value of 

thickness of graphene in the experiments is extended to much larger range (0.35 to 

1.7nm).(33, 34) Graphene is the strongest (measured) materials with an extremely high 

Young’s modulus (∼1 TPa) and a high tensile strength (∼130 Gpa).(32) Extensive studies 

have shown that the Poisson’s ratio of graphene is ∼0.165.(35) (Table I) However, 

recently, an investigation pointed out that the Poisson’s ratio of graphene experiences a 

transition from positive value to negative value (independent of its size and temperature) 

at high strain (above 6%) and this negative Poisson’s ratio results from the interplay 

between bond stretching and bond-angle bending in graphene lattice under strain.(36)   

There are different mechanisms of wrinkles, ripples and crumples formation in graphene, 

such as (a) thermal vibration of the 2D lattice,(37, 38) (b) edge instability, defect and 
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dislocation,(39-41) (c) negative thermal expansion (as against positive for the 

substrate);(42, 43) (d) trapped solvent evaporation/removal,(44) (e) relaxation of pre-

strained substrate,(45) (f) anchorage on substrate,(46) and (g) solvent surface 

tension.(47) Apart from chemical functionalization, substrate interaction, crystallography, 

and size, the surface corrugation on graphene can also modify its properties, e.g. 

electronic structure (band-gap opening (potentially > 1 eV),(48-51) pseudomagnetic field 

in bilayers,(48) electron/hole puddle formation,(52) and carrier transport).(53) These, in 

turn, can be employed to modify graphene’s wettability, transmittance, chemical potential, 

expansion for energy storage, and conductivity. Futuristically, it is important to (a) enable 

control of the physical attribute of these corrugations; (b) thoroughly study the influence 

of wrinkles on electronic, optical, mechanical and chemical properties.(54, 55) 
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1.3 TMDs and mechanical properties of TMDs 

Single layer of TMDs (thickness of 6~7 Å), consist of a hexagonally sandwiched structure 

of metal atoms between two layers of chalcogen atoms as shown in Figure 3a.(56, 57) 

With different size of metal and chalcogen ions, the bond length of metal-metal varies 

between 3.15 Å and 4.03 Å. These values indicate smaller spatial overlaps of the d 

orbitals these TMDs thin film than that in the elemental transition metal solids. The 

absence of dangling bonds on the surface (chalcogen atoms) makes those TMDs relative 

stable against reactions. On the other hand, similar to the graphite structure,  single layer 

TMDs are coupled by weak van der Waals forces in bulk TMDs, which leads to the crystal 

 

Figure 2. Rippled, wrinkled and crumpled graphene. (a) Rippled graphene; (b) wrinkled graphene and (c) 

crumpled graphene. Nature (2007) 446, 60–63; Nature Nanotechnology (2009) 4, 562–566; Scientific Reports 

(2014) 4, 6492. 

(2009) 562–566, Sci. Rep. (2014) 4. 

 

Figure 2. Rippled, wrinkled and crumpled graphene. (a) Rippled graphene; (b) wrinkled graphene and (c) crumpled graphene. 
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to readily cleave to thin layer flakes.(58) Single layers of TMDs are stable, like graphene, 

by forming intrinsic ripple structures.(59) Monolayer TMDs exhibit two polymorphs: 

trigonal prismatic and octahedral phases. The layer-dependent properties of TMDs have 

attracted extensive attention.(17) First, the properties of buck TMDs are diverse — 

ranging from insulators, semiconductors, semimetals, to metals. More interesting, some 

bulk TMDs such as NbSe2 and TaS2 exhibit low-temperature phenomena including 

superconductivity and metal to non-metal transition.(60-62) Due to quantum confinement 

effect, single or few-layers not only greatly preserves their properties of bulk counterpart 

but also leads to additional novel properties (Figure 3b).(63-65) Various of TMDs have 

been synthesized by CVD methods, one of examples is shown in Figure 3c. Interestingly, 

some of them have tunable band gap structures with different layers, which offers 

opportunities for going beyond zero ban-gap graphene and opening novel fundamental 

understandings and technological applications for inorganic 2DNMs.(58) Wrinkles were 

proved to be one of promising ways to induce uniaxial strain in 2DNMs, since they can 

be controlled in various aspects (orientation, size, shape and number). Recent theoretical 

and experimental studies have shown unprecedented effects of wrinkle and strain on 

many physical properties of TMDs.(66-68) Experimentally, the in-plane Young’s modulus 

of monolayer MoS2 is 270 ± 100 GPa, with the average tensile strength of ∼23 Gpa and 

ultimate strain of ∼ 11%. Poisson ratio of MoS2 is 0.27.(59) However, theoretically, the 

deformation and failure behavior are anisotropic. For example, calculations suggest that 

MoS2 should undergo anisotropic nonlinear elastic deformation up to an extra-large 

ultimate strains with 0.24 along the armchair direction, 0.37 in zigzag direction, and 0.26 
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for biaxial deformation.(69) More anisotropic mechanical parameters of TMDs are shown 

in Table I. Further, MX2 (MoS2 and WS2, MoSe2, WSe2, and so on) have similar lattice 

constants and elastic properties from theoretical simulations.(70, 71) In fact, strain-energy 

relationship of MX2 monolayers from calculation has shown that the Young’s modulus and 

tensile strength decrease when X varies from S to Te, and M varies from W to Mo. The 

calculated Poisson’s ratios of TMDs monolayer ranges from 0.2 to 0.3, further, the TMDs 

along the zigzag direction shows higher Poisson’s ratios than that along the armchair 

direction as shown in Table I.(71, 72) 
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Table I. Summary of Structure and Mechanical Properties of the 2DNMs.  

Lattice constant, Thickness, Young’s Modulus, Tensile strength, Poisson ration, Ultimate strain, 

Zigzag direction (Z), Armchair direction (A), Experimental studies (E) and Biaxial strain (B). 

 

 

Figure 3. MoS2 structure. (a)Three-dimensional representation of the structure of MoS2. (b) A typical optical image 

of various layers of MoS2 on SiO2 surface. (c) A typical optical image of monolayer MoS2 crystal on SiO2 surface 

by chemical vapor method. Nature Nanotechnology (2011) 6, 147–150; 2D Materials (2015) 3, 035006; Nature 

Materials (2013)12, 554–561.  
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2DNMs Structure Lattice 

constant 

(nm) 

Thickne

ss (nm) 

Young’s 

modulus 

(GPa) 

Tensile 

strength 

(GPa) 

Poisson 

ratio 

Ultimate 

strain 

Graphene Planar  

hexagonal  

0.142(73) 0.35(33, 

34) 

1000(32) 130(32) 0.165(42

) 

0.25(32) 

 

MoS2 

Three atomic 

layers 

hexagonal  

0.312(74, 

75) 

0.65(57, 

70) 

222.75 (Z)(71)  

219.46 (A)(71) 

270 (E)(70, 76) 

27.35 (Z)(71) 

16.90(A)(71) 

0.25(70, 

72) 

0.28 (Z)(71) 

0.19(A)(71) 

0.11 (E)(59) 

 

MoSe2 

Three atomic 

layers 

hexagonal  

0.324(71, 

75) 

0.65(77, 

78) 

178.78 (Z)(71) 

175.97 (A)(71) 

177(E)(77) 

22.68 (Z)(71) 

12.86 (A)(71) 

4.8 (E)(77) 

 

0.23(72) 

0.29 (Z)(71) 

0.16 (A)(71) 

--- (E) 

 

WS2 

Three atomic 

layers 

hexagonal  

0.314(71, 

75) 

 

0.65(70) 

244.18 (Z)(71) 

 240.99 (A)(71) 

 272(E)(70) 

29.96 (Z)(71) 

19.91 (A)(71) 

0.22(70, 

72) 

0.28 (Z)(71) 

0.18 (A)(71) 

--- (E) 

 

 WSe2 

Three atomic 

layers 

hexagonal  

0.326(71, 

75) 

0.7(79-

81) 

196.81 (Z)(71) 

194.13 (A)(71) 

167(E)(79) 

24.70 (Z)(71) 

15.05 (A)(71) 

0.19(72, 

79) 

0.30 (Z)(71) 

0.17 (A)(71) 

--- (E) 
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2. LITERATURE REVIEW 

2.1 Wrinkle formation in thin films and interfacial properties  

2.1.1 Wrinkle formation in thin films  

Formation of wrinkles in thin films adhered to flexible or shrinkable substrates is a 

common phenomenon. Wrinkles are ubiquitous and can be found almost everywhere, 

such as the skin of fruits,(82) human or animal skins or dried dates,(29, 35) polymers thin 

film floating on water,(18) and even in the hanging curtains on windows.(83) While 

different wrinkle wavelengths in this different films and on different substrates are due to 

the scaling of the wrinkles with thickness as per Föppl-von Kármán relationships, for 

example:(28) 

      𝜆 = 2𝜋𝑡(
𝐸̅2𝐷𝑁

3𝐸̅𝑆
)1/3                                                  (1) 

where, 𝑡 is the thickness of the 2DN, 𝐸̅2𝐷𝑁 is the plane-strain modulus of the 2DN film and 

𝐸̅𝑆  is the in-plane strain modulus of the substrate. 𝐸̅ =  𝐸/(1 − 𝑣2), with 𝐸 is the Young’s 

modulus and 𝑣 is the Poisson's ratio. This equation assumes strong adhesion between 

2DNMs and the substrate with no slip between the two layers. For example, graphene is 

the thinnest material, its wrinkle-wavelength is expected to be small. Further, wavelength 

of wrinkles formed in thin films depends on the strain modulus of the thin films and their 

substrates,(84) with softer films or stiffer surfaces (high strain modulus) producing 

wrinkles with small wavelength. 

Thin metal films are stiff (high Young’s modulus), which is well studied in recent years. 

Most of attention were focus on spontaneously form wrinkled thin metal films on polymer 
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solid substrates and liquid surfaces. One example is formation of controllable wrinkles 

patterns in thin films of metals electrically deposited (electron beam evaporation) on an 

elastomeric polymer (PDMS).(26) Nanometer thickness of gold thin film (on a 5-nm 

titanium or chromium as adhesion interlayer)—were deposited on PDMS. The metal 

source heats and expands the PDMS substrate during deposition process. After cooling 

 

Figure 4. Wrinkles in different thin film and on various substrates. (a) An optical image of a compressed 

polystyrene sheet floating on the surface of water. (b) wrinkles with a wrinklon pattern on rubber curtain. (c)  

Wrinkled polyester film on gel. (d) Wrinkled chromium thin film on silicone oil. Physical Review Letters (2010) 

038302; Physical Review Letters (2011) 224601; Science (2008) 5878, 912-916; Physical Review E (2013) 042401. 
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to ambient temperature, because of different thermal expansion confidents, the shrinkage 

of polymer substrate induces formation of wrinkles in thin metal films on the substrate 

surface. Further, by varying the properties and patterning of the PDMS surfaces, 

eminently controllable (orientation and periodicity) wrinkles can be produced. Further, Yu 

et al. reported that hierarchical wrinkles formed in thin chrome film by sputtering chrome 

on silicone oil surface, with wrinkles formed aligned in the  perpendicular direction of the 

silicone oil edge (Figure 4d).(85) Capillary force can induce wrinkles formation near a 

water drop placed on a thin floating film(19) and at the edge of the thin film floating 

polymer film.(18) Various models were established to understanding the formation 

mechanism of wrinkles and patterns, such as the wrinklon model and capillary force 

model.(18, 19, 26, 28, 83) 

2.1.2 Interfacial adhesion energy 

 

Most of wrinkled structures and deformations in thin films are due to the interfacial 

interaction between these thin films and substrate surfaces. The interactions between thin 

films and substrates affect the electrical, chemical and mechanical properties of thin film 

materials and their applications.(86, 87) Therefore, thin film interaction and adhesion are 

indispensable properties not only for understanding of wrinkles formation in 2DNMs on 

substrates, but also for emerging technology such as heterostructures of two-dimensional 

nanomaterials devices.(88) The adhesion energies of thin films on dissimilar rigid 

substrates have been measured qualitatively (tape tests),(89) which was used to compare 

the adhesion of different films; and quantitatively with numerous methods,(90) like, 

scratch testing,(91, 92) four point bend testing,(93) stressed overlayers,(94) and 
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nanoindentation.(95) Nevertheless, it has been a great challenge to measure the 

adhesion of the 2DNMs on substrates, since the thin 2DNMs is hard to handle and prone 

to damage in the conventional tests. Recently, new methods for the adhesion 

measurement of graphene on various substrates have been reported as shown in Figure 

5, such as pressurized blisters,(96) nanoparticle blisters(97) and mechanical 

delamination.(98) The pressurized blisters method was introduced by Bunch’s group 

(Figure 5a).(96, 99) Mechanically exfoliated or chemical vapor deposited 2D 

nanomaterials suspended over pre-defined microcavities in oxidized silicon wafers.(66, 

96) Because of the excellent gas molecular impermeability of 2D nanomaterials, sealed 

micro cavities were formed. Samples were left in the pressure chamber at pressure P0 for 

couples of days to make sure Pint (pressure in the blisters) to equilibrate to P0 through the 

slow diffusion of gas through the SiO2 substrate. The pressure difference ΔP between the 

environment Pext (out of sealed micro cavities) and microcavities Pint deformed the 2DNMs 

and induced strong tensile strain in these thin films when the samples were place in a 

different pressure chamber (Pext). The measurement of adhesion energy between 2DNMs 

and substrates can be achieved by analyzing the blister shapes and film delamination. 

Nanoparticles were utilized to form blisters in graphene by covering graphene on these 

nanoparticles on silicon oxide surface, as shown in Figure 5b.(97) Wrinkles and 

delamination of thin film on pre-stretched substrate were also applied to study the 

adhesion energy, however, this method is limited by the convolution of the AFM tip and 

relatively sharp ridges of buckling (Figure 5c and 5d). 
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Figure 5. Adhesion energy measurement experiments. (a) Typical optical images showing different layer of 

graphene flakes suspended on SiO2. Schematic of a graphene blister before and after placing in the pressure 

chamber. Three-dimensional rendering of an AFM image of a typical pressure blister. Deflection versus position for 

five different values of Δp. (b) Typical SEM images of graphene blister of gold nanoparticle on silica surface. (c) 

Schematic of indentation-induced blisters method. (d) Schematic Illustration of graphene transfer to a target 

substrate using the mechanical delamination process and SEM of a sample with graphene on copper. Nature 

Nanotechnology (2011) 6, 543–546. Journal of Applied Physics (2009) 2, 026104; IEEE Transactions On Device 

And Materials Reliability (2004) 2, 163−168; Nano Letters (2012) 3,1448-1452. 
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The relative weak Van der Waals force is the most common interaction that contributes 

to the adhesion energy between 2DNMs and thin film materials with other substrates. 

Therefore, adhesion energy higher than 1 J/m2 cannot only be due to van der Waals 

interactions. High adhesion energies of 2DNMs on various substrates in experiments may 

due to several extra effects, like roughness of the substrate surface, defects, and 

wettability. For example, high adhesion energy of graphene was suggested due to a 

toughening mechanism (asperity locking of rough surfaces).(100, 101) Kumar et al. 

shown that the reactive defects on the substrate surface can induce discrete, short-range 

interactions and further a high shear strength as well as high sliding resistance.(102) 

Further, a layer of water at the interface has the potential  to induce a long range but weak 

(graphene is hydrophobic) interaction through capillary bridging.(103) 

Additionally, wrinkles in MoS2 on soft materials have been shown in previous studies.(67, 

104, 105) Since soft materials are stretchable, wrinkles can be formed on soft substrates 

by transferring MoS2 to a pre-stretched surface and releasing the stretch after thin film 

deposition. It is hard to form wrinkles on unstretchable rigid substrates. However, direct 

measurement of the adhesion energy of MoS2 solid on substrates (SiO2, Si3N4, etc.) is 

important to better understand wrinkles formation mechanism and control the mechanical 

release of the wrinkles in the MoS2 for electrical device application. 

2.2 Graphene wrinkles formation mechanism and properties  

Graphene, is flexible(38) (quasi-fluidic) and can form wrinkles,(42) crumples,(45) and 

folds.(53) In contrast, under compressive-deformation, 0D nanomaterials remain 

morphologically unchanged and 1D nanomaterials bend. Graphene can exhibit 
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wrinkles(67, 106) due to thermal vibrations (internal ripples),(37, 38) differential 

compressive forces,(107) edge instabilities,(39) thermodynamically-unstable (interatomic) 

interactions,(108, 109) strain in 2D crystals,(40, 110) thermal contraction (graphene),(42) 

solvent channel formation,(44) pre-strained substrate-relaxation,(45) multi-point surface-

anchorage,(46) and/or high solvent surface tension during transfer.(47) Further, the 

creation of a local strain distribution and the rehybridization of π-clouds due to such 

structural changes influence (a) the electronic structure,(48, 111) local charge 

density,(112) dipole moment,(113) and optical properties(45) of graphene; and (b) its 

local chemical potential due to the formation of electron-hole puddles.(114) Thus, wrinkles 

on graphene with defined attributes and regulated mechanical and surface properties (42, 

45, 46, 53) can be applied towards a wide range of applications including 2D 

opto/electronics and lithography. The wrinkle-formation mechanism in graphene and 

properties modification of wrinkle structures in graphene is shown here. 

 

 

Figure 6. Examples of graphene wrinkles formation. (a)- (c) wrinkles formation cause by thermal expansion 

mismatch in CVD process. (d) Thermal manipulation method for wrinkles formation. (e) Pre-stretched method. 

Applied Physics Letter (2013), 103; Nature Nanotechnology (2009) 4, 562–566; Nature Materials (2013) 12, 321–

325. 
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2.2.1 Formation mechanism and methods for wrinkled graphene 

2.2.1.1 Intrinsic thermal fluctuations, edge stress and defects/dislocations 

Strictly, 2D crystals are expected to be unstable due to the thermodynamic requirement 

for the existence of out-of-plane bending with interatomic interaction generating a 

mathematical paradox.(108, 109) The stability of the pseudo 2D material is achieved by 

ripple formation resulting from the partially decoupled bending and stretching modes.(37, 

115) The fact that free-suspended graphene is not strict 2D was revealed by transmission 

electron microscopy (TEM) experiments, where suspended graphene membranes 

exhibited pronounced out-of-plane deformations (ripples) with height up to 1 nm.(38) 

Mechanistically, the temporal and spatial modulation of the C-C bond-lengths due to 

thermal-vibrations and interatomic interactions induce carbon to occupy space in the third 

dimension,(37, 115-117) thus forming dynamic ripples and minimizing the total free 

energy, as observed in free-standing graphene.(107) Further, the delocalized electrons 

in the π-cloud (and associated electron-hole puddles formed) lead to asymmetric 

distribution of bond lengths. This asymmetry forces the lattice to become non-planar to 

minimize free energy. Additionally, the asymmetry of bond-lengths in graphene is 

amplified on the edges and near defects, thus increasing the wrinkle density in these 

regions.(37, 39) Chemical vapor deposition based production of graphene sheets at large 

scale commonly leads to polycrystallinity and defects. Out-of-plane deformation (wrinkles 

and ripples) can significantly reduce the magnitude of in-plane stresses generated by the 

defects.(118) Therefore, atomic line defects like grain boundaries (or dislocations) can 

induce wrinkles and ripples on graphene.  
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2.2.1.2 Growth of graphene on metal via CVD process and epitaxial on SiC 

The interaction between the substrate and graphene strongly influences wrinkle- and 

ripple- formation. Graphene grown on metallic catalysts exhibits high densities of wrinkles 

due to the opposite polarity of thermal expansion coefficients (TEC) of graphene and the 

metals.(119) This is because the TEC of graphene is negative, attributed to the 

displacement out of the graphene plane resulting from the flexural phonon and limited 

contribution from the in-plane vibrations.(47, 53) In an experiment where a crystalline 

island of graphene was grown on copper, isotropic and self-similar wrinkles were 

achieved as showing in Figure 6a, 6b and 6c.(43, 50, 120) Besides the opposite thermal 

deformation, the defect lines on metal substrates also play an important role in the 

formation of wrinkles on graphene.(121) Liu et al. showed that the wrinkle attributes and 

density are governed by the growth substrates (nickel in this case), its thickness and the 

process employed to transfer graphene. With the increase of nickel thickness, graphene’s 

grain-size reduces, resulting in higher-density (and smaller) of wrinkles on graphene.(47) 

Graphene grown epitaxially on SiC (a semiconductor substrate)(11) also produces 

wrinkles due to thermal expansion of graphene during the cooling step in this 

process.(122, 123) 

2.2.1.3 Graphene transfer process 

Graphene grown on metals are routinely transferred to other substrate and tend to form 

wrinkles. Calado et al. showed that water drainage from between graphene and substrate 

plays an important role in wrinkle formation. Here, the wrinkles form on and along the 

water drain channels.(96) Moreover, the morphology of underlying substrates can control 

the orientation of the wrinkles.(124) For rough surfaces, the additional stress due to 
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adhesion may increase the number of wrinkles. For example, Lanza et al. showed that 

the strain-induced wrinkles on graphene can be significantly reduced by improving the 

adhesion between graphene and rough substrates.(125) The stresses due to interaction 

with and/or anchorage on surfaces cause the formation of wrinkles. (26, 46) 

2.2.1.4 Controlled wrinkles formation in graphene 

Due to the intimate interplay between wrinkle attributes and graphene properties, 

controllable fabrication of wrinkles on graphene is important. Bao et al.(42) reported that 

controlled and organized microscale wrinkles can be produced by thermal manipulation 

leveraging the negative thermal expansion coefficient of graphene (Figure 6 d). In their 

work, graphene and ultrathin graphite membranes were transferred and suspended 

across predefined trenches on SiO2 /Si substrates (Figure 6d). By annealing suspended 

graphene, wrinkles were formed perpendicularly to the trench direction. Importantly, the 

orientation, wavelength, and amplitude of wrinkles are influenced by the structure, shape, 

and temperature of the substrate.(42) Zang et al. reported that the crumpling and 

uncrumpling of large-area graphene can be controllably achieved(45) by applying a pre-

stretched elastomer film substrate via regulating relaxation and pre-strain order. 

Graphene (3-10 layers) grown on nickel substrates were transferred to 

polydimethylsiloxane (PDMS) stamps. An elastomer film was biaxially stretched with pre-

strain = 200-400% to use as a pre-stretched substrate. The graphene on PDMS was 

stamp-transferred to this elastomer film. Relaxing one pre-stretched direction produced 

unidirectional wrinkles (Figure 6e), which were well developed. This was followed by 

biaxial relaxation of the film to produce wrinkles from two dimensions to form crumpled 
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graphene. Further, this crumpled graphene would unfold as the substrate film is biaxially 

re-stretched. The unidirectional wrinkle wavelength achieved in this work was 0.6-2.1 m. 

Table II. Summary of the correlation between corrugation attributes and graphene 

properties and applications. 

Wavelength/Width 

(nm) 

Height, Aspect Ratio or other Relationship Modified Properties 

and/or Applications 

0.1 – 10 nm Intrinsic ripples aspect ratio of ~ 1 with height (H) 

~ 0.2 nm(38) 

Thermal contraction on Cu trench: H ~ 0.05 nm 

and W ~ 0.7 nm(52) 

Thermal contraction on Rh foil: H ~ 7.9 nm and 

W ~ 8.2 nm(48) 

Transfer of SiO2 post CVD: H ~ 3.3 nm and W ~ 

6.8 nm (124) 

Pseudomagnetic 

behavior(48, 126) 

Band-gap opening(48, 50, 

127) 

Carrier scattering(128) 

Electron–hole puddles 

formation(52) 

10 – 100 nm Simulation Studies(53) Carrier scattering 

Anisotropic electron 

transport(53, 129) 

100 nm – 1 m Thermal contraction on  Cu foil: H ~ 25 nm and 

W ~ 300 nm(43) 

Mobility limitation 

Conductivity reduction  

Band gap opening(49) 
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2.2.2 Properties and applications of wrinkled graphene 

Wrinkles influence several electronic phenomena, including suppression of weak 

localization,(112) electron–hole puddles,(107, 136, 137) band-gap opening,(48-50, 127) 

pseudomagnetic field in bilayers,(48, 126) and carrier scattering.(53, 128) They exhibit 

other atypical properties, such as surface and optical modification,(45) energy storage,(45, 

131) chemical activities enhancement,(138, 139) and biointerfacing.(46)  

Reduced graphene oxides crumpled 

graphene(130) 

Pre-stretched H ~ 70 nm and W ~ 500 nm(131) 

Charge storage 

enhancement(130) 

Strain sensitivity  (131) 

Above 1 m Pre-stretched crumpled graphene (45) 

 

Thermal contraction on Si trench H ~ 30 nm and 

W ~ 2 m(42) 

 

Tunable transparency, 

wettability, and thickness at 

different voltages(45) 

Chemical reactivity 

enhancement(132) 

Charge storage 

enhancement(133) 

Relationships Ratio between height and radius (R), H/R > 

0.07(134) H >  π√𝐶/γ  (C = bending stiffness 

and    = surface energy)(135) 

Chemical activity 

enhancement (134) 

Self-folding (135) 
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2.2.2.1 Electronic properties 

The curved geometry and strain in graphenic systems are known to couple with the 2D 

massless Dirac Fermions via gauge field and scattering potential to alter the electronic 

structure.(49) For planar graphene model (only an idealistic model), the Fermi level lies 

at the Dirac point, where the density of electronic states vanishes.(140) Both disorder and 

impurities in graphene introduce a violation of the electronic homogeneity of graphene. 

Amongst other causes, the corrugations on graphene suppress electron-transport,(141, 

 

Figure 7. A summary illustration of corrugations on graphene formation, properties and application.  

Nature Materials (2007) 6, 858-861; Physical Review Letters (2008) 101, 245501; Applied Physics Letters (2013), 

103; Nano Research (2011) 4, 996-1004; Nature Nanotechnology (2009) 4, 562-566; Nature Materials (2013) 12, 

321-325; Nature (2007) 446, 60-63; Nature Physics (2008) 4, 144-148; Applied Physics Letters (2009) 95; ACS 

Nano (2011) 5, 3645-3650; The Journal Physical Chemistry C (2009) 32, 14176; ACS Applied Materials and 

Interfaces (2014) 6, 7434-7443; ACS Nano (2011) 11, 8943; Carbon (2015) 93, 869. 
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142) mobility, weak localization (by fluctuating position of the Dirac point(112)) and 

quantum corrections.(143-145) The quantum correction is a result of quantum 

interference of electrons moving in different trajectories.(146) It includes interference of 

time-reversed trajectories (weak localization correction) and elastic scattering induced 

interference of electrons on Friedel oscillations of the electron density (Altshuler–Aronov 

correction).(143, 146-148) The electron and hole puddles created due to the disorder in 

graphene was imaged by Suyong et.al. via scanning tunneling microscopy (STM) and 

scanning tunneling spectroscopy (STS).(112) The topography of monolayer graphene on 

a SiO2/Si substrate exhibits a height variation of about 1.2 nm. In an ideal graphene layer, 

the carrier density can be continuously tuned from hole to electron doping from zero 

density at Dirac point (ED).(149-151) The local graphene geometry and its carrier 

distribution were strongly correlated.(137) 

As mentioned above, wrinkling (rippling or crumpling) can tailor the electronic structure of 

graphene.(111) Two effects are outlined: (a) π-σ rehybridization between nearest 

neighbors resulted an effective electrochemical-potential variation; and (b) nearest-

neighbor hopping integral variation induced an effective “vector potential”. The estimated 

electrochemical potential variation associated with the ripples (observed experimentally) 

is on the order of ±30 meV. The bond stretching and the dipole moment created by 

polarized -cloud density in wrinkled graphene can open a relatively large band-gap and 

modify the local chemical potential enabling selective functionalization.(53)  A band gap 

of 0.14–0.19 eV by both the periodic wrinkles and the surface chemistry was shown by 

modeling grid-like periodically modulated graphene.(127)  
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Yan et al. found the lattice strain and large curvature of a wrinkle in twisted bilayer 

graphene can result in pseudomagnetic field (~ 100 T) interacting directly with electronic 

states of the sheet. On strained and wrinkled monolayer graphene, this could open up a 

band-gap and generate hyperbolic energy dispersion. Costa. et al also reported that 

periodic wrinkles/folds in graphene will possess enhanced spin-orbit interaction via 

curvature, which can open gap and allow spin-polarized transport at low magnetic 

fields.(152) It is important to note that inter-wrinkle spacing greater than the mean free 

wavelength of carriers minimizes the influence of wrinkles/corrugations on barriers.(124)  

Further, a distinct anisotropy in the fold resistivity on the graphene was observed and 

attributed to transport along and across the folded wrinkles via diffusive transport of 

charge distributed across multilayered folds (increased ON/OFF ratio) and local interlayer 

tunneling across the collapsed region (adds the resistance of the order of graphene 

contact resistance).(53) The quasi-periodic nanoripple arrays of graphene causes 

anisotropy in charge transport and affects the limitation on both the sheet resistance and 

the charge mobility.(153) Analogous results of anisotropic Landau levels quantization and 

thermal conductivity of wrinkling graphene were also demonstrated.(129, 154)  

2.2.2.2 Surface properties and strain sensing 

Remarkably, wrinkles on single-atom-thick graphene can also modulate its surface 

properties and transparency. Zang et al. found that crumpled graphene exhibits tunable 

wettability and high transparency (Figure 9(a,b)). The contact angle measurement for 

water on crumpled graphene obeyed Wenzel and Cassie-Baxter laws for conforming and 

non-conforming interactions (with air gaps), respectively. Further, the voltage applied 



26 
 
 

across an elastomer sandwiched between crumpled graphene leads to Maxwell stress, 

which reduces the thickness and increases the area of the elastomer layer. It further tuned 

the transmittance in the visible range with voltage, as displayed in Figure 9 (c, d).(45) 

Similarly, Wang et al. and Zang et al. demonstrated that graphene wrinkles created by 

releasing a pre-strained substrate can be used as a strain sensor, where the device 

resistance changes with strain (Figure 9f).(45, 131)  

2.2.2.3 Energy storage 

Recently, there has been a great thrust in applying graphene as electrodes for 

supercapacitors due to its high surface area and conductance. Wrinkled and crumpled 

graphene are advantageous for these applications since they make the sheets less stiff 

while inhibiting stacking and retaining increased surface area. Further, graphene 

nanosheets with a preponderance of exposed edge planes and wrinkles enhance charge 

storage. Supercapacitors based on graphenic electrodes have the potential to be smaller 

than the low-voltage aluminum electrolyte supercapacitors in electronic devices.(130, 155, 

156) Further, the graphenic wrinkles provide fast Li+ diffusion channels with a low 

activation barrier of about 0.1 eV, which is lower than that of a graphene without wrinkles 

(0.3 eV) for lithium ion battery application.(157) The wrinkles also provide the extra 

expansion allowance during lithiation, which addresses a major current challenge of 

anode cracking due to volume expansion.(138, 158)  

2.2.2.4 Chemical activities and functionalization affinity modification 

Partovi-Azar et al. found that the topology of graphene governs the formation of electron–

hole puddles (107, 137) on graphene. Further  Wang et al.(114) has shown the 
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relationship between electron-hole puddling and functionalization affinity of graphene. 

Clearly, wrinkles (and other topologies) in turn influence the chemical activity of graphene, 

as studied by Boukhvalov and Katsnelson.(134) Wrinkled graphene has also been 

applied as a scaffold to attach nanoparticles for energy applications.(138, 158) Further, 

wrinkles on graphene have been leveraged as nucleation sites for H2 generation at the 

cathode in brine electrolysis experiments(159) (to delaminate graphene from metals). The 

wrinkles, ripples or crumples on graphene can also be applied to the fabrication of other 

graphene structures. By designing the surface morphology of growth substrate (with 

microscopically parallel slip lines) and subscribing to a suitable transfer technique, 

wrinkled graphene was synthesized on SiO2/Si substrate. Large-area, oriented graphene 

nanoribbons (GNRs) arrays with a width less than 10 nm were then produced by plasma 

etching as confirmed by atomic force microscope (AFM) and field-effect transistor studies. 

(160) 

2.3 TMDs fabrication and properties  

Graphene's success has shown the possibility to create stable, single and few-atom-thick 

layer nanosheets from exfoliation of van der Waals bulk materials, like TMDs. These TMD 

materials exhibit fascinating physical properties and promising applications beyond the 

properties of their bulk counterparts. 

2.3.1 Fabrication of TMDs 

Extensive studies on bulk and exfoliated TMDs have been conducted for decades, a 

surging attempt on synthesis and isolation of single-layer or few-layer nanofilm exploded 

after the success of graphene.  
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2.3.1.1 Mechanical and chemical exfoliation  

Similar to graphene studies, scotch-tape mechanical exfoliation method yields small 

quantities of the highest-quality thin layer samples, which are ideal for the demonstration 

of high-performance devices and fundamental phenomena study.(58, 161-167) On the 

other hand, liquid exfoliation methods are likely to be better suited for large quantities and 

lower quality requirement and applications, like electrochemical energy storage, catalysis, 

sensing or fillers for composites. It was employed to fabricate monolayer and thin layers 

nanosheets of various layered TMDs, such as MoS2, WS2, MoSe2, NbSe2, TaSe2, NiTe2, 

MoTe2.(168) Thin films of TMDs were dispersed in an aqueous solution of the surfactant 

sodium cholate followed by sonication, and these surfactants coat the sheets, preventing 

their re-aggregation. Ultrasound-promoted hydration of lithium-intercalated compounds 

has been one of the highest efficient liquid exfoliation methods for large quantity 

production of TMDs nanosheets. In this method, lithium was operated to intercalate into 

layers of MoS2 by both chemical and electrochemical methods.(167, 169) The formation 

of LixMoS2 in the lithium intercalation process is critical for tuning the yield of the 

monolayer of MoS2. Zeng et al. showed electrochemical lithiation process in a battery test 

system, as shown in Figure 8a. In this method, the bulk material was incorporated by 

binders in a test cell as a cathode. The lithium foil was used as an anode to provide lithium 

ions. A cut-off voltage was determined to obtain the optimized Li amount inserted in the 

bulk material in order to get the sufficient insertion of lithium and effective exfoliation. The 

lithium intercalation process was performed at a galvanostatic discharge with a current. 

After washing in acetone to remove the residual electrolyte, the lithium intercalated 

compound was ultrasonicated in water or ethanol to get exfoliated and isolated two-
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dimentional nanosheets.(167) However, the obstruct of application of these liquid 

exfoliation methods is still the low yield of the single layers (instead of few layers) and the 

small lateral dimensions of the exfoliated sheets (size).(58) 

2.3.1.2 Chemical vapor deposition of thin layers TMDs 

CVD is also one of the most promising methods for large-scale synthesis of TMDs thin 

films. Same or similar strategies and methods on the fabrication of MoS2 can be extended 

to other single-layered TMDs materials’ fabrication. Therefore, the details of MoS2 growth 

by CVD methods are highlighted here. There are several different CVD methods for 

synthesis of large-area ultrathin MoS2 layers,(17) which can be outlined as three 

categories: (1) vaporization of Mo and sulfur precursors and their decomposition, (2) 

sulfurization of Mo film, and (3) sulfurization of MoO3 to MoS2.(58) 



30 
 
 

For the two-step vaporization of Mo and sulfur precursors method:(170) (a) dip-coating in 

 

Figure 8. Schematic illustrations of TDMCs fabrication methods. (a) Schematic illustration of the 

electrochemical lithiation process. (b) Schematic illustration of the synthesis of MoS2 thin layers with (NH4)2MoS4 

as precursor. (c) Schematic illustration of sulfurization of Mo thin film into thin layered MoS2. (d) Growth of a MoS2 

monolayer by sulfurization of MoO3. The red circles represent the heating reaction chamber. Nature Chemistry 

(2013)5, 263–275; Nano Letters (2012) 3, 538–1544. 
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ammonium thiomolybdate [(NH4)2MoS4] in dimethylformamide (DMF) solution, and (b) 

crystallization of [(NH4)2MoS4 to MoS2 by annealing at 500 °C and sulfurization at 1,000 °C 

in argon gas  at 500 Torr as shown in Figure 8b. Single-layer and few layers MoS2 can 

be produced by sulfurization of Mo metal thin films.(171) First, a layer of thin Mo film 

(thickness <5 nm) was deposited on SiO2 by an e-beam evaporation. Sulfur was induced 

from low temperature (a little above 113 °C) zone by a carrier gas (N2) and reacted with 

Mo at 750 °C for 10 min. The thickness of the formed MoS2 depends to the thickness of 

the pre-deposited Mo metal and therefore thickness of MoS2 can be controlled (Figure 

8c). The most popular method for synthesizing wafer-area MoS2 monolayer flakes is the 

gas-phase reaction of MoO3 with S vapor at 1000 °C, which was firstly demonstrated by 

Lee et al (Figure 8c).(172, 173) However, despite initial reports showing huge potentials, 

large-area, large-grain and uniform growth of monolayer TMDs using CVD remains a 

challenge. 

2.3.2 Properties of TMDs 

Thin layer TMDs materials exhibit fascinating and technologically promising properties 

beyond the properties of their bulk counterparts and graphene. 

2.3.2.1 Electronic structure and electrical transport properties 

TMDs can be semiconducting or metallic, which depends on the metal atoms. In general, 

MoX2 and WX2 compounds are semiconducting whereas NbX2, ReX2 and TaX2 are 

metallic. When MX2 is exfoliated, or synthesized into thin sheets, edge termination by 

either M or X atom is possible depending on the chemical potential of the formation 

environment. Due to the quantum confinement induced by the absence of d (Mo atoms)–
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pz (S atoms) orbitals interaction from MX2 layers, band gaps widen along with the 

decrease of layers of TMDs. Furtherly, in some cases, there is a bandgap transition in 

different thickness of TMDs, for example, an indirect bandgap (1.3 eV) in the bulk MoS2 

changes to a direct bandgap (1.8 eV) in the single layer MoS2.(61) This shift was also 

proved in first principles calculation, the indirect bandgap transition in the bulk material 

shifts to direct bandgap in the monolayer at the -point. The direct bandgap transitions at 

the K-point (energy states of conduction band at K- points are mainly formed by 

localization of d orbitals on the Mo atoms) remain relatively unchanged with layer number 

(Figure 9a).(17, 163)  

High charge carrier mobility, high on/off ratio, high conductivity and low off-state 

conductance are desirable for digital logic transistors.(17) MoS2 is a material with high 

on/off ratios due to a sizeable band gap and high carrier mobilities.(57, 174) The first top-

gated transistor based on micromechanical exfoliated single layer MoS2 was shown by 

Kis et. al, as shown in Figure 9b. A significant high on/off ratio (~108) at a bias voltage of 

500 mV (Figure 9c), n-type conduction, the room-temperature mobility of >200 

cm2·V−1·s−1 in monolayer MoS2 devices.(57) On the other hand, the field-effect-transistors 

based on MoS2 produced by CVD exhibited n-type behaviors with the on/off ratio about 

105 and electron mobility up to 6 cm2·V−1·s−1.(170) Flexibility and transparency are also 

promising characteristics of thin layers MoS2 for next-generation electronics. Mechanical 

measurements performed on single-layer MoS2 show that it is 30 times (effective Young’s 

modulus of 270 ± 100 GPa) stronger than steel and can stand deforamtion up to 11% 

before breaking (breaking strength 23 GPa).(175)  
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2.3.2.2 Vibrational and optical and properties  

Raman spectroscopy has been proved to be a very useful tool in the study of MoS2. 

Typically, there are two peaks which correspond to the in-plane E1
2g (382 cm–1) mode 

(vibration of sulfur and molybdenum atoms in the crystal plane) and E1u (IR active) phonon 

modes, and the out-of-plane A1g (405 cm–1) mode(that corresponds to the vibration of 

sulfur atoms out of crystal plane).(176) Additionally, positions of peaks depend on the 

layer of MoS2, as shown in Figure 9e and 9f. As the layer decrease, the A1g mode 

decreases in frequency whereas the E1
2g mode increases. These relative peak position 

shifts allow the layer of MoS2 thin flakes to be identified through Raman spectra, as shown 

in figure 9e and 9f. This is due to the Raman spectra is sensitive to the interlayer 

interactions in MoS2 (e.g. effective restoring forces and long-range Coulomb 

interactions).(177)  

In indirect bandgap semiconductors, the recombination of electrons and holes produced 

by photon energy occurs much less efficiently than that in direct bandgap semiconductors, 

since partial of energy has been consumed for the momentum transition .(161, 173) The 

indirect to direct bandgap transition and bandgap energy increase of MoS2 is proven by 

the changes in photoluminescence absorption spectra (intensity and position) and 

photoconductivity.(178, 179) The strong photoluminescence of monolayer MoS2, which 

shows the possibility of new optoelectronic applications.(180) A factor of 104 increase in 

photoluminescence quantum can be yielded from bulk to monolayer MoS2. Furtherly, 

suspended monolayer MoS2 shows even higher quantum yield. Typically, the optical 

photoluminescence spectrum of MoS2 has two main peaks, the so-called A and B 

excitons (Figure 9 d), due to the direct-gap interband transitions at the K-point. (178, 179, 
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181) Further, multijunction solar cells structure could potentially be built based on TMDs 

with different thickness, with absorption spectra ranges from the visible to the near-

infrared.(182)  

 

 

Figure 9. TDMs properties. (a) Calculated band structures of (1) bulk MoS2, (2) quadrilayer MoS2, (3) bilayer 

MoS2, and (4) single MoS2. The solid arrows indicate the band gap. (b) Cross-sectional view of the structure of a 

monolayer MoS2 FET. (c) Ids–Vtg characterizations (room temperature with the back gate grounded). (d) Energy of 

the A exciton peak for different average film thickness. (e) MoS2 films Raman spectra as function of thickness. (f) 

Frequencies of E1
2g and A1

g Raman modes and their difference at different thickness. Nano Letters (2010) 4, 1271–

1275; Nature Nanotechnology (2011) 6, 147–150; Nano letters (2011) 11,5111-5116; ACS Nano (2010) 5, 2695–

2700.  
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2.4 Wrinkles and strain engineering in MoS2  

2.4.1 Wrinkles and strain introduction methods in MoS2 

Similar to the wrinkle introduction methods for graphene, there are various experimental 

methods and strategies for introduction of strain in MoS2, such as (a) intrinsic thermal 

ripples, (b) thin film and substrate interactions (mechanical exfoliation and thermal 

annealing), (c) bending and stretching of flexible substrates, (d) relaxation of pre-

stretched substrates, (e) substrate surface topography modification, and (f) pressurized 

blisters and tip indentation of suspended 2DNMs.  

2.4.1.1 Intrinsic thermal ripples  

Spontaneous ripples in MoS2 was demonstrated experimentally and theoretically.(183, 

184) Small ripples with length 𝐿 ≈  6 − 10 nm and height ℎ ≈  6 − 10 Å (typical ration of 

L/ ℎ is ∼10) are observed in mechanical exfoliated monolayer MoS2.  

2.4.1.2 Deformation of flexible substrates and thermal expansion mismatch  

2DNMs have been transfer onto flexible substrates (PMMA, PDMS, and polycarbonate) 

for bendable electronics applications. By applying tensile stress or pressing on the two 

side of the substrates, MoS2 experience the strain similar to that experienced by the 

substrate, assuming there is no relative slip.(185) For example, in one work MoS2 thin 

films were mechanically exfoliated and deposited onto a layer of cross-linked SU-8 

photoresist covered polycarbonate. Titanium clamps were then evaporated to prevent 

MoS2 from slipping against the substrate. Uniaxial strain was applied to MoS2 by 

controllably bending the polycarbonate substrate in a four-point bending apparatus, as 

shown in Figure 10c.(186, 187) Similar to the graphene wrinkle-engineering, MoS2 thin 
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film was transferred on the pre-stretched substrates. The release of uniaxial tension in 

the elastomeric substrate enabled formation of well-aligned one-dimensional periodic 

wrinkles in the MoS2. This method produces large-scale wrinkled MoS2 (with micrometers 

in amplitude, tens of micrometers in wavelength) for thick MoS2 flakes, while thin MoS2 

layers show smaller wrinkles that are between 50 and 350 nm in amplitude with 

wavelength of few micrometers (Figure 10a).(67) Here, the size of wrinkles can be 

controlled by tuning different parameters, like, the Young’s modulus of the substrate, 

thickness of the thin film, and the interfacial adhesion between the thin film and substrate.  

In another process, MoS2 on heated PDMS substrate causes thermal expansion of the 

MoS2; however, due to its larger thermal expansion coefficient, the PDMS substrate can 

induce an additional biaxial strain in MoS2. In comparison, smaller strain is induced in the 

reference samples with MoS2 on SiO2, which is due to the smaller thermal expansion 

coefficient of SiO2 and smaller thermal expansion mismatch between MoS2 and SiO2.  

Laser beam can also be applied as a heat source to induce local heating and regionally 

controlled strain in the MoS2; however, the maximum strain achieved by this method is 

small (∼0.2%).(188) Chemical vapor deposition (CVD) is the most efficient and promising 

method to produce large area 2DNMs.(9, 172, 189) Because of different thermal 

expansion coefficients of substrates and MoS2, non-uniform and local strain in the MoS2 

are expected to be formed during the CVD process. For example, it is proven that the 

tensile strains exist on CVD-grown MoS2 and WS2 on SiO2, and these intrinsic strains in 

MoS2 and WS2 can be released after transferring to new substrates.(190) Using these 

strains, large scale bucked MoS2 thin films were produced 
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Figure 10. Wrinkles and strain engineering in MoS2. (a) Schematic diagram of the fabrication process of wrinkled 

MoS2 nanolayers by pre-stretched substrate method and a typical SEM image of winkle MoS2 on elastomer surface. 

(b) A 3D illustration of bulk MoS2 in a DAC pressure medium for hydrostatic pressure experiments. (c) Schematic 

of the straining MoS2 device. (d) Schematic of MoS2 pressure blister, a typical sample of CVD grownMoS2 

membranes suspended over cavities after transfer (scale bar is 20 μm), and an AFM cross section of a device at 

various pressure. (e) False-colour SEM image of the 2D strained MoS2 (scale bar is 500 nm), and AFM image of 

the 2D MoS2 strain crystal (scale bar is 1 μm). Nano Letters (2013) 11, 5361–5366; Nature Communications (2014) 

5, 3731; Nano Letters (2016) 9, 5836–5841; Nature Communications (2015) 6, 7381. 
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by treating molybdenum metal thin films on graphene covered SiO2 surface in sulfur 

atmosphere.(191) 

2.4.1.3 Substrate surface topography modification  

2DNMs are very thin (1 to 3 atomic layers), which means they are flexible enough to 

conform to most surface morphologies of the substrate under them. The relative strong 

interfacial adhesion energy between 2DNMs and substrate surface leads to strain 

accumulation near the protruding features on the substrate surface.(96) Therefore, the 

strain in the thin 2DNMs can be manipulated by tuning the attributes of these protruding 

feather (size, height, density, and shape). One of the examples is ‘artificial atom’, which 

is transferring monolayer of CVD produced MoS2 on nanocones on the surface as 

shown in Figure 10e. The roughness of the substrate under 2DNMs plays an important 

role in the strain formation in the 2DNMs.(192, 193)  

2.4.1.4 Pressurized blisters and tip indentation 

The pressurized blisters method to study strain in 2DNMs was introduced by Bunch’s 

group.(96) Mechanically exfoliated or chemical vapor deposited graphene or MoS2 was 

transferred on pre-defined microcavities in oxidized silicon wafers (Figure 10d).(66, 96) 

Because of the excellent gas molecular impermeability of 2D nanomaterials, sealed micro 

cavities were formed. Samples were left in the pressure chamber at P0 (outside pressure) 

for couples of days to make sure Pint (pressure inside the sealed micro cavities) 

equilibrates with P0 through the slow diffusion of gas through SiO2 substrate. The 

pressure difference ΔP between the environment (out of sealed micro cavities) Pext and 

microcavities Pint deformed the 2DNMs and induced strong tensile strain in these thin 
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films when the samples were place in a different pressure chamber (Pext). These 

pressurized graphene blisters were also applied to measure the adhesion energy 

between 2DNMs and silicon dioxides surface.(96, 99) The strain here is biaxial and 

relatively large (up to 5%).(66, 96) Similarly, mechanical strain can also be introduced in 

2DNMs by atomic force microscope tips loading on suspended 2DNMs thin film (over two 

metal contacts or holes as shown in Figure 11d). This method is good for investigation of 

the mechanical properties of 2DNMs, like measurement of the Young’s modulus and 

tensile stress. However, it may not be practical for device application. (59, 76, 183) 

2.4.2 Properties modification of wrinkles and strain in MoS2 

2.4.2.1 Phonon vibration modification  

The strain in 2DNMs introduces changes in the bond lengths and angles, and in some 

cases, lattice deformations. This structure modification under strain, in turn, leads to a 

considerable change in the lattice vibration (phonon), and this phonon frequency shift can 

be detected in Raman spectroscopy. When the uniaxial tensile strain is applied along the 

zigzag direction of MoS2, the strain in zigzag direction can increases the bond lengths 

gradually, but the bonds lengths in the armchair direction decrease with strain, and further 

bond angle change, resulting in lattice distortion. Additionally, the intrisic structure of the 

monolayer MoS2 could be maintained and no structural transformation appears at a large 

biaxial strain (up to 22%), but imaginary frequencies show up near Γ points when the 

strain is higher than 25%, indicating structural instability and possible structural 

transformation.(194, 195) Theoretically, the phonon mode shifts of the A1g mode (out-of-

plane) in MoS2 is not sensitive to the uniaxial strain, even when the uniaxial strain is higher 
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than 20% in monolayer MoS2, but it shifts to lower wavenumber significantly under biaxial 

strain. The frequency of the E1
2g modes shows an obvious redshift under uniaxial and 

biaxial strain, since it is due to in-plane phonon vibration. Further, the asymmetrical shift 

of S-Mo-S bond in MoS2 lattice under uniaxial strain induces a splitting of vibration 

frequency at point Γ, which leads to the E1
2g mode splitting into two modes, as shown in 

Figure 11a.(196) This frequency splitting does not occur under the biaxial strain up to 5%, 

since the lattice symmetry is maintained in this case.(66) Further, both theoretical and 

experimental results have shown that the shift in the positions of Raman modes in MoS2 

linearly depends on applied strain, therefore, the strain in MoS2 can be quantified in 

Raman spectrum.   

In hydrostatic pressure study, MoS2 undergoes a semiconductor-to-metal transition at a 

pressure range of 10-19 GPa. A1g modes in Raman spectroscopy shown more drastic 

low position shift (blue shift) than that of E1
2g modes in this transition pressure. At pressure 

higher than metallization pressure, E1
2g and A1g modes experience stronger but similar 

blue-shift than under lower pressure (Figure 11a). In contrast, when uniaxial or biaxial 

strains applied to thin layers of MoS2, E1
2g and A1g modes are red-shifted (the vibrations 

soften) as shown in Figure 11a.  

2.4.2.2 Electrical properties and photoluminescence modification 

MoS2 transistors exhibits a high on/off ratio exceeding 108,(57)and MoS2 photodetectors 

show high responsivity.(197) Structurally, the π bond-like interaction between inter atomic 

layers in MoS2 is strain-sensitive and leads to the reduced bandgap under strain.(194, 

198) Since the direct gap energy is only slightly lower than the indirect gap energy in 
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monolayer MoS2 in the density function theory (DFT) calculation,(199) relatively small 

tensile strains (∼2%) can cause a direct to an indirect gap transition,(200, 201) which was 

proven in photoluminescence (PL) experiments. In this case, the intensity of monolayer 

MoS2 decreases dramatically under strain. Even semiconductor-to-metal transitions at ∼ 

8% tensile strain or at ∼ 15% compressive strain were shown in calculations.(104, 185, 

202) Further, the direct bandgap structure of monolayer and bilayer MoS2 has been 

unveiled to be highly sensitive to strain experimentally with showing a red-shift (Figure 6d, 

6e and 6f) of absorption spectrum peaks and photoluminescence (∼50 meV/% strain) for 

the uniaxial strain.(185, 186) Lloyd et al. recently reported that an up to 500 meV was 

tuned by large biaxial tensile strains (∼5%) in a study of pressurized monolayer MoS2 

blisters. In this study, the in-plane strain has the ability to continuously and reversibly 

modulate the optical bandgap of monolayer MoS2 by up to 25%.(66) Additionally, both 

theoretical and experimental results have shown that the shift in the photoluminescence 

energies of MoS2 linearly depends upon applied strain, therefore, the strain in MoS2 can 

be quantified in PL Spectroscopy. Therefore, strain engineering is promising for bandgap 

controlling and tuning in MoS2 for novel electronic and optoelectronic applications. The 

strain in MoS2 does not affect the exciton binding (the difference between the optical 

bandgap and transport bandgap), it is constant (∼0.5eV) under a biaxial strain up 9%. 

However, the energies of electron and hole decrease monotonically with the increase of 

the strain. Feng et al. also proposed a solar energy funnel mode for devices design based 

on inhomogeneous mechanical strain in monolayer MoS2.(203)  
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2.4.2.3 Phase modification  

Besides the lattice vibration and electrical bandgap modulation, the polarization and 

phase properties are closely related to the lattice structure and symmetry, and are 

expected to be modified with the existence of mechanical strain. For example, the strain 

dramatically affects the polarization degree in MoS2. When the strain is increased up to 

 

Figure 11. Raman, PL, and Piezo- and Flexoelectricity under strain. (a) The PL spectra intensity and position 

for monolayer MoS2 at different biaxial strains corresponding to different pressure. The E1
2g and A1g Raman modes 

position as a function of biaxial strain for different membrane thicknesses. PL spectrum, and the peak positions of 

the A, B, and indirect I peak as a function of biaxial strain for different layers of MoS2. (b) Crystal structures of the 

2H and 1T phases, respectively. (c) Operation scheme of the single-layer MoS2 piezoelectric device. (d) Schematic 

illustration of the setup for electrical characterization on suspended channel MoS2 devices under strain. Nano 

Letters (2016) 9, 5836–5841; Nature Materials (2014)13, 1128–1134; Nature (2014) 514, 470–474; Nano Letters 

(2015) 15, 5330–5335. 

 



43 
 
 

0.8%, the PL polarization degree decreases 40% (from 10% to ∼ 6%) in monolayer and 

∼ 100% (6% to ∼ 0) in bilayer MoS2.(195) TMDs can exist in multiple crystal structures, 

each with distinct electrical properties, and the two lowest energy crystal structures are 

often referred to as H and T.(204-206) The H phase is a semiconducting phase with for 

all Mo and W-based TMDs photon adsorption bandgap between 1 and 2 eV at ambient 

conditions.(17) The semi-metallic T phase has been found in lithium intercalated 

MoS2.(207) Recently, theoretical calculations and experiments have shown that different 

stimuli, (205, 207-209) such as mechanical strain could induce phase transformation in 

2D TMDs. Elastic deformations in monolayers of TMDs can be reached through tensile 

strain and leads to TMDs phase transformations between semiconducting 2H and metallic 

1T’ structures (1T’ structures can be thought of as 1T after a symmetry-reducing 

distortion).(210, 211) Additionally, MoTe2 needs much lower strain (tensile strain of 0.2%) 

than other TMDs for the phase transition.(205, 212) This strain induced phase transition 

may lead to controlled phase production in TMDs synthesis process.  

2.4.2.4 Piezoelectric and flexoelectric properties 

Piezoelectric property (PE) represents the ability of materials to generate electric charges 

under mechanical stimuli. Flexoelectric property (FE) is an extension of the PE, where 

PE linearly relates uniform strain to polarization and FE connects strain gradients to 

polarization.(213) These two electromechanical effects have been widely applied in 

sensors, transducers, power generation and electronics.(76) For example, Wu et al. have 

shown the first experimental study of the PE of MoS2 and demonstrate that only odd 
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number of atomic layers produces oscillating piezoelectric voltage and current outputs 

(Figure 11c).(214)  

 

Figure 12. Enhancement of chemical activity of strain in 2DNMs. (a) Schematic of the applied strain further 

tunes the HER activity of MoS2 (S-vacancy), (b) Hydrogen adsorption free energy ΔGH evolution with strain at 

various S-vacancy; (c) Band structure for 25% S-vacancy under applied strain. Strain induces a narrow bandgap; 

Adapted with permission. Schematic illustration (d) and SEM image (e) of buckled MoS2 films on graphene; Adapted 

with permission. (f) Gibbs free energies of H adsorption for monolayer 1T-MoS2 as function of tensile strain; (g) 

Adiabatic electron and proton affinities of monolayer 1T-MoS2 as functions of tensile strain. Nature Materials (2016) 

15, 48-53. ACS Applied Materials and Interfaces (2016) 21, 13512-13519. Physical Chemistry Chemical Physics 

(2016) 18, 9388-9395.  
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2.4.2.5 Chemical activities modification 

The strain in MoS2 has shown selective enhancements on the adsorption of different gas 

molecules (enhanced adsorption of NO and NH3) but insensitive to the adsorption of NO2, 

CO, and CO2. This contrasting behavior may lead to new design strategies for 

constructing ultrahigh-sensitivity sensors and electromechanical devices based on strain 

engineering of 2DNMs.(215) Monolayer 2H-MoS2 has been reported to be promising 

catalyst for hydrogen evolution reaction (HER) by introducing Sulphur (S) vacancies and 

strain (Figure 12a and 12b). This is due to that new bands introduced by S-vacancies and 

reduction of the bandgap in MoS2 under strain (Figure 12c).(216) The water-splitting 

catalytic ability of the buckled MoS2 films showed a reduction of onset potential compared 

to unstrained MoS2, as shown in Figure 12d and 12e.(191, 217-220) Tensile strain 

activates the inert inner valence electrons and enhances the exchange splitting of d-band 

as shown in electronic structure calculations, and induces an increase in the adiabatic 

electron affinity and a reduction of the adiabatic proton affinity, and further, enhances the 

catalytic activity of the system. It is found that biaxial tensile strain exhibits high 

enhancement on the HER activity than uniaxial tensile strain, while compressive strain 

decreases the HER activity (Figure 12f and 12g). Similar effect was also shown in the 

simulation of 1H-NbS2.(217) Additionally, the local strain (the top and bottom peaks of the 

ripples) also shows a great enhancement of chemical activities of the phosphorene.(220)  
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Table III. Summary of strain introduction and properties modification in MoS2. 

Strain introduction Properties modification 

Simulations: 

 DFT(221), Ab initio(222) 

Experiments: 

Thermal vibrations(183)  

Surface adhesion(193)  

Thermal expansion mismatch(188)  

Substrate deformation(185, 186)  

Prestretched substrate(67) 

Pressurized blister(66)  

Substrate topography modification(223) 

Phonon vibration softening(66, 67, 185, 186, 195, 200)  

Thermal conductivity(186)  

Direct-indirect transition(200, 201) 

Semiconductor-metal transition(104, 185, 202) 

Electron and hole energy reduction(203) 

Pl polarization decrease(195) 

Chemical activity enhancement(216, 217) 

Carrier’s mobility modification(222) 
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3. METHODOLOGY 

3.1 Wrinkles in thin films 

3.1.1 Wrinkles formation in thin metal films 

To produce the wrinkles, metal was deposited on thermally expanded silicone oil drops 

and lines (85, 224) with low vapor pressure. The temperature rise in the silicone oil 

drops/lines (ΔT ∼ 80 °C) was achieved by the metal deposition process, whereupon 

cooling silicone oil contraction led to the formation of wrinkles. The metal deposition was 

tested for sputtering and e-beam evaporation. When metal was sputtered on the silicone 

oil, grainy and porous films were formed due to ion bombardment. The resultant structural 

defects and internal stresses led to random cracks and crumples. Electron beam 

evaporation produced uniform (nongrainy) metal deposition on liquid silicone oil at a 

controlled rate (1 Å/s). The silicone oil lines and drops were predeposited on the silicon 

dioxide surface, as shown in Figure 12. To ensure adhesion, 30 nm of chromium thin film 

was deposited at a base pressure of 5 × 10−7 Torr. The chromium layer improves the 

adhesion of the cobalt layer to silicone oil and to the SiO2 surface. This was followed by 

evaporation and deposition of cobalt thin films (300, 100, and 50 nm). Thicknesses of the 

metal layers were measured by crystal oscillators in the electron beam evaporation 

process. The substrate temperature was kept at about 100 °C. Without the predeposited 

chromium layer, the cobalt layer breaks during the deposition process, attributed to 

metals’ (especially noble metal) poor adhesion to the SiO2 surface. This intimate contact 

or adhesion of cobalt thin film with the silicone oil and SiO2 is essential to form well-

controlled wrinklons at the edge of the meniscus. 
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3.1.2 Wrinkles in MoS2 for adhesion energy study 

The study was conducted on silicon dioxide and silicon nitride substrates. The wafers 

were diced into about 1×1 cm2 pieces, cleaned with acetone and isopropanol, and dried 

with air. MoS2 sheets were mechanically cleaved from the surface of MoS2 Block (SPI) 

by scotch-tape peeling. To transfer the MoS2 flakes on SiO2, the tape (width of 1 cm) was 

lightly pressed onto the MoS2 block (about 0.3×0.3 cm2), and then separated slowly. This 

transferred thick flakes on the tape. The tape with the flake was then brought in contact 

with the SiO2 or Si3N4 substrate in dry condition and a small pressure is applied for 10 

seconds. Finally, the pressure for released and the tape was quickly peeled off resulting 

in MoS2 deposition on the substrate. The adhesion forces (van der Waals) pulled the 

MoS2 sheets into intimate contact with the substrates. Mechanical equilibrium was 

reached when the MoS2 contracted to form the wrinkle in MoS2. The interfacial adhesion 

energies of MoS2 and substrates were found by measuring the wrinkles size (amplitude, 

wavelength, and thickness of the MoS2 flakes). Atomic Force Microscope was applied to 

measure the topography of the substrates and MoS2 flakes thickness and wrinkles 

attributes. The resolution of the AFM in the z-direction is 0.1 nm (for thickness and 

 

Figure 13. Schematic of fabrication of hierarchical wrinkles in thin metal films.  
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amplitude) and in the lateral direction is about 10 nm (for wavelength). Strain 

measurement was achieved in Raman Spectroscopy. 

3.2 Wrinkled graphene on bacteria 

3.2.1 Graphene growth and transfer 

In this step, the high-quality monolayer graphene sheet is laid on top of the bacterial cells. 

Here, graphene is grown via chemical vapor deposition (CVD) process on a copper foil 

(25 m) at 1000 0C with purging CH4/H2 (100/10 sccm) in a one-inch quartz tube for 5 

min. A layer of PMMA is then spin-coated (20%PMMA at 4000 rpm for 1min) on graphene 

(on Cu foil), followed by dissolving the copper foil in 30% nitric acid. The PMMA-graphene 

composite film which floats on the top was transferred to a water bath to get rid of the 

acid residues. The film is then carefully transferred onto the bacterial chip prepared in the 

previous step. This is followed by the removal of the PMMA layer (1/3 IPA in acetone 

solution wash, 60 ⁰C for 4-5 min) to produce graphene wrapped bacteria immobilized on 

the chip. 
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3.2.2 Bacteria preparation  

Rod-shaped, gram-positive bacillus subtilis (0.5 to 1.5 m and in length from 1 to 5 m) 

were used in this study. Bacillus subtilis (from ATCC) were grown in agar gel and care 

was taken to ensure there is no cross-contamination. A pellet of bacillus cereus cells was 

introduced into 100 mL of nutrient broth solution (0.13 g/ml nutrient broth (OXOID) 

sterilized in an autoclave at 121 ⁰C for 12 min) in an Erlenmeyer flask using a sterilized 

culture-transfer rod. The flask was sealed with cotton and placed in an incubator to grow 

 

Figure 14.  Graphene on bacteria process. Schematic of the wrinkles formation process on graphene via 

check valve actuation. (a) Cross-sectional schematic of bacterium covered graphene sample, which under 

vacuum bulges and undergoes unzipping. The graphene then a check valve to remove aqueous content of bacteria, 

subsequently contracting it to produce wrinkles (10-5 Torr and 250 °C). (Bottom) High magnification 3D AFM surface 

morphology images of graphene on bacteria before (b) and after heat/vacuum process (c). The scale bars in (b) 

and (c) are 0.5 m.  Copyright 2016 American Chemical Society. 
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the culture at 31.0 ⁰C for 14-15 hours (shake frequency = 62 rpm). After the growth period, 

the bacterial cells were separated from the medium by centrifuging the suspension at 

6000 rpm for 10 min and re-suspending the pellet in DI water. This was repeated three 

times to remove the nutrient broth from the bacterial suspension.  

A fresh chip (285 nm silica-on-silicon substrate) was sequentially washed with acetone, 

isopropyl alcohol, and DI water and was dried under N2 flow. The pre-washed chip was 

exposed to oxygen plasma (0.0058 psia, 100 W, 2 min) to ensure a very clean surface. 

The chip was then immersed in the bacterial suspension (in DI) for about 1 hour, followed 

by carefully washing and drying in N2 flow. This leads to bacterial cells adhering to the 

substrate by excreting extra-cellular polysaccharides, which bind them on the surface.  

3.2.3 Annealing process 

Here, the sample was exposed to vacuum and high temperature to trigger the wrinkle 

formation process. For this, first, the CVD tube was flushed with H2 gas (100 sccm) for 

15min. The chip (from step 3 having bacteria covered by graphene) was placed into the 

vacuum chamber and the temperature was raised to 250 ⁰C. The sample was kept at this 

condition for 3h, as shown in Figure 13. 

3.2.4 Electrophoretic trapping for bacteria deposition  

A droplet of diluted bacteria solution (same solution from step 1) is placed in the region 

between the electrodes by using a syringe. These two electrodes were connected to the 

AC signal source generator (Agilent 33220A) through two metal probes. An AC signal 

with a peak-to-peak voltage (Vpp) of  10 V and frequency (f) of 5 MHz was applied on the 
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ensemble for 5 to 10 min. The bacteria are forced to move along with the electronically 

filed lines towards the electrodes and gets trapped between the electrodes. 

3.2.5 Plus-sharp devices fabrication  

Photoresist was spinning coated on samples at 4000 rpm for 40 seconds, followed by soft 

baking at 110 ⁰C for 1 min. Samples are aligned and exposed in MA6 Mask Aligner with 

hard contact for 12 seconds at 900 W UV power. The exposed samples were developed 

in the developer for 12 seconds. O2 plasma was performed on this developed samples to 

remove the uncovered graphene, and followed by immersion in etcher for 5 min. Finally, 

samples are washed and cleaned in DI water. 

3.3 Wrinkled MoS2 devices 

3.3.1 Wrinkled MoS2 preparation 

The study was performed on MoS2 exfoliated on silicon dioxide (285 nm silicon dioxide 

on silicon) substrates. MoS2 sheets were cleaved by Scotch tape from the surface of 

MoS2 Block (SPI). The wafers were diced into about 1×1 cm2 square pieces, followed by 

cleaning with acetone and isopropanol, and dried with Nitrogen gas. The tape attached 

with small flakes of MoS2 was brought into contact with SiO2 substrates in dry condition, 

and a slight pressure was applied for 10s. Then, the tape was quickly peeled off, resulting 

in MoS2 deposition on the SiO2 surface. The van der Waals force between flakes and 

substrates surface pulled the MoS2 sheets to have intimate contact with the substrate and 

separate the attached flakes from the rest of MoS2 on tape. Therefore, there is no tape 

residues and tape-induced electrostatic charge at the MoS2/SiO2 interface or MoS2/air 

interface. During the release of the tape, adhesion between tape and MoS2 induces partial 
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delamination of MoS2 from the substrate leading to the bending and wrinkling of MoS2. 

Energy equilibrium was reached when the MoS2 contracted to form the wrinkles in MoS2. 

One in ten time the sheet had wrinkles. The topography of the wrinkles on MoS2 was 

characterized by atomic force microscope (AFM) (WiTech Alpha-300-RA) and scanning 

electron microscopy (FESEM) (Raith). Raman and photoluminescence spectra and 

position mapping were also collected by WiTech Alpha-300-RA (All the Raman and 

photoluminescence characterizations were performed at room temperature).  

3.3.2 Wrinkled MoS2 devices fabrication  

For device fabrication, the source and drain regions were defined by laser pattern 

generator (LW405) followed by electron beam evaporation to deposit 10nm/60nm of 

Titanium/Gold. Photoresist (S1805) was spinning coated on samples at 4000 rpm for 40 

seconds, followed by soft baking at 110 ⁰C for 1 min. The detail of device fabrication 

process and electrical characterization setup are shown in Figure 14.  
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Figure 15. Schematic illustration and optical images of the device fabrication process.  
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4. RESULTS AND DISCUSSION 

4.1 Wrinkles in thin films and adhesion energy 

4.1.1 Wrinkles in thin films 

The mechanism of wrinkle formation on metal deposited via electron beam evaporation 

on silicone oil was studied by optical and atomic force micrographs shown in Figure 16 

and Figure 17. A thin chromium layer thinner than 20 nm does not fully cover the silicone 

oil, and a chromium layer thicker than 40nm crumples randomly. A layer of 30 nm thick 

Cr film can completely cover silicone oil with limited crumples. The difference in the 

surface energies of metal interfaced with silicone oil and with the substrate induces 

surface stretching at the edge, which in turn modified the wrinkling of the metal. The 

limited expansion of a small silicone oil drop (diameter smaller than 50 μm) restricts 

wrinkle formation. For larger oil drops with a long straight edge (longitudinal drop) or 

circular edges, the oil expands more to spread (slight delamination) and stress the metal 

film. The spreading causes the height of oil meniscus to decrease with an increase of its 

area on the substrate. The wrinkles form on metal thin film from the edge to the center of 

the oil (in the x direction) after cooling as shown in Figure 16b and 16c. 
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Atomic force microscope surface profiles were acquired (Figure 17) to study the structural 

details of the wrinkles at high resolution. The wrinkles on metal films present a hierarchical 

 

Figure 16. Schematic and optical images of the wrinkle formation on silicone oil. (a) Schematic of wrinkles 

on the metal thin-film formation process. (b) Schematic of hierarchical wrinkles. (c) Optical image of self-similar 

hierarchical wrinkles; cobalt thin-film thickness is 300 nm. (d) and (e) Optical images of hierarchical wrinkles on 

different sizes of silicone oil lines with 100 nm of thickness of cobalt. (f) Optical image of hierarchical wrinkles on 

silicone oil line with 50 nm thickness of cobalt. Copyright 2016 American Chemical Society. 
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cascading step from the metal-oil-substrate edge to the center of the oil region. Smooth 

coverage (x direction) was observed on the top surface of oil since the penetration 

distance (x) is limited by an edge-induced surface energy effect (as shown in Figure 16d). 

The thickness of the metal thin film as well as the footprint of the silicone oil increase after 

metal deposition due to the associated temperature rise and expansion.(85) After 

contraction, the surface stretch from the metal-SiO2 interface at the edge into the silicone 

oil drop leads to wrinkles.  

 

The evolution of the average wavelength 𝜆 with the distance from the constrained edge 

𝑥 is described by a power law: 𝜆~ 𝑥𝑛 with 𝑛 as the power exponent.(83, 225) For our data, 

 

Figure 17. AFM images and height profiles of the wrinkled metal thin film surface. Left to right, parallel 

wrinkles in the bulk and hierarchical wrinkles on the edge. (a) and (b) wrinkles in bulk region with wavelength 

of about 6 m, (c) and (d) hierarchical wrinkles near the bulk region with wavelength of about 3.5 m; (e) and (f) 

hierarchical wrinkles near the edge with wavelength of about 1.0 m; and (g) and (h) hierarchical wrinkles on the 

edge with wavelength of about 0.3m. Copyright 2016 American Chemical Society. 
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n = 0.42 as shown in Figure 18a. However, instead of a continually increasing wavelength 

in the power law, the wrinkles exhibit a constant wavelength over a distance before 

transitioning to the next hierarchical wavelength (Figure 18b). The typical wrinklon 

hierarchy:(18, 19, 27, 28, 85, 226)  𝜆n+1 = 2 𝜆n = 2n-1 𝜆1 (𝑛 ≥ 1) is clearly shown in the 

relative wavelength (𝜆/𝜆1) versus number of transition of wrinkle pattern on thin metal film 

(Figure 18c). Further, the size of the drops or lines also affect the number of transition as 

shown in Figure 15. For soft film,(83) wrinklons exhibited a longer transition zone where 

two wrinkles of wavelength 𝜆  merge into one of width 2𝜆 . The wrinklon transition in 

previous studies requires a distortion of the membrane, which relaxes over a distance (𝑙). 

However, in our case with stiff metal, this transition range is small and the wrinkle-patterns 

keep a constant wavelength for different lengths before transitioning to the next 

wavelength.(83, 227) Additionally, no wrinklons were observed in the bulk regions away 

from the edge,(19, 24, 31) the wavelength reaches its maximum or equilibrium value, 

indicating the influence of interfacial stretch effect only near edges. Therefore, length of 

wrinklon ( 𝑙 ) does not follow a clear global trend in rigid metal thin film. We further modify 

the definition of wrinklon length to the complete length of the region with one wrinkle-

wavelength. Therefore, the wrinklon length 𝐿 = 𝐿(𝐶) +  𝐿(𝑇), where 𝐿(𝐶) is the length of 

the constant wavelength region and 𝐿(𝑇) is the length of transition region. It should be 

noted that for thin films interfaced with a fluid,(18) 𝐿(𝐶) and 𝐿(𝑇) can have varied relative 

scales. In our case  𝐿(𝐶)  ≫ 𝐿(𝑇) , or 𝐿(𝑇)~0  (Figure 18d). In wrinklon theory, the 

normalized length of the wrinklons, 𝑙/𝜆 is a function of its normalized amplitude, 𝐴/𝑡, with 

𝑡 is thickness of thin film: 𝐿/𝜆~(𝐴/𝑡)0.5. For our data (hierarchical wrinkles), the exponent 
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is 0.31 instead of 0.5: 𝐿/𝜆~(𝐴/𝑡)0.31 (Figure 18a). This deviation is attributed to the energy 

involved in the formation of wrinkles as shown later.  

We employ scaling arguments and energy balance to investigate the features of the 

hierarchical patterns. The total energy (𝑈𝑇) of the wrinkled system of thin metal film on oil 

drop can be represented as following equation: 

𝑈𝑇 = 𝑈𝐵 + 𝑈𝐺 + 𝑈𝑇ℎ + 𝑈𝑠                                             (3)                                             

Where, 𝑈𝐵 is the bending energy for wrinkles formation in thin film, 𝑈𝐺 is the gravitational 

energy of silicone oil, 𝑈𝑇ℎ is the thermal expansion energy of silicone oil, and  𝑈𝑆 is the 

surface energy applied on the metal thin film from the metal/silicon dioxide interface to 

metal/silicon oil interface.  

 

Figure 18. Evolution of the wavelength λ with the distance x from the constrained edge and the relative 

wavelength versus number of wrinklon transitions on thin metal film. (a) Evolution of wavelength in continuous 

𝑥 scale, which is fitted by a power equation and power exponent of the fitting is 0.42. (b) Evolution of wavelength in 

hierarchical x scale, and inserts are optical images for corresponded wavelengths. (c) The relation between the 

relative wavelength (λ/λ1) and the number of wrinklon (n). λ1 is the smallest wavelength on the boundary of oil drops. 

Copyright 2016 American Chemical Society. 
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The edge constraint along the 𝑥 direction (Figure 16) results in expansion restricted along 

the 𝑦 direction resulting in wrinkles forming parallel to the 𝑥 direction. The film strain is 

defined as  𝛥 =  (𝑊0 −𝑊)/𝑊0 , 𝛥 ≪ 1  where 𝑊0  and 𝑊  are the original and projected 

widths of metal film, respectively. The wrinkle-surface height (𝑧) along the 𝑦  direction, at 

certain distance 𝑥 from the edge can be simplified to be a sinusoidal function:(18)  

𝑧 (𝑥, 𝑦) =  
𝜆𝑛

𝜋
 √𝛥𝑠𝑖𝑛(

2𝜋

𝜆𝑛
𝑦) at certain 𝑥                                       (4) 

This gives 𝛥 ~ (
𝐴

𝜆
)
2
 since the amplitude (𝐴) of the wrinkles can be written as 𝐴 =  

𝜆

𝜋
 √𝛥. 

The wrinkling of the thin film along y direction is characterized by the curvature  𝜅 ≈

𝜕2𝑧

𝜕𝑦2
~
𝐴

𝜆2
, since 𝑧 is of the order of 𝐴 and 𝑦 is of the order of 𝜆 varying in 𝑥 direction but not 

𝑦. Further, we assume that the characteristic area is 𝐿𝜆. The bending energy(83) is 𝑈𝐵 =

𝐿𝜆𝐸𝑡3𝜅2 ~ 𝐿𝜆−1𝐸𝑡3𝛥𝜋−2, where 𝐸 is the Young’s modulus. The gravitational energy(18) 

𝑈𝐺 =  𝐿𝜆𝜌𝑔𝑧
2 =  𝐿𝜌𝑔𝜆3𝛥𝑠𝑖𝑛2 (

2𝜋

𝜆
) 𝜋−2and the thermal expansion cenergy(28) is 𝑈𝑇ℎ =

 𝐿𝜆
1−𝜐

𝐸
𝜎0
2𝑡, where, 𝜐 is the Poisson’s ratio of the thin film and thermal compressive stress 

is 𝜎0 =
𝐸

1−𝜐
(𝛼𝑠 − 𝛼𝑡)(𝛥𝑇) ≈

𝐸

1−𝜐
𝛼𝑠(𝛥𝑇), where 𝛼𝑠 and 𝛼𝑡 are thermal expansion coefficient 

of silicone oil and thin film, respectively (𝛼𝑠 ≈ 𝛼𝑠 − 𝛼𝑡, since 𝛼𝑠 ≫ 𝛼𝑡). The mismatch of 

thermal expansion between cobalt and silicone oil is about 7.6 X 10-4 K-1, which is much 

larger than the mismatch between the cobalt and chromium (6 X 10-6 K-1). Therefore, we 

used the cobalt and silicone oil (7.6 X 10-4 K-1) in the calculation and analysis; and 𝛥𝑇 is 

the change of the temperature in the deposition process (𝛥𝑇  ~ 80°C), so thermal 

expansion energy 𝑈𝑇ℎ =  𝐿𝜆
𝐸

1−𝜐
𝛼𝑠
2(𝛥𝑇)

2𝑡. It should be noted that Young’s modulus of 
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metal film is much higher than that of soft polymer materials.(43) Surface energy(18) is 

given by 𝑈𝑆  =  
1

2
𝐸𝑡(

𝜕𝑧

𝜕𝑥
)2𝐿𝜆, where 

𝜕𝑧

𝜕𝑥
 is the pseudo-strain(83) in 𝑥 direction is of the order 

of 𝜆2𝛥/𝐿2. This gives 𝑈𝑆 =
1

2
𝐸𝑡𝜆5∆2𝐿−3. 

Therefore, the total energy in the bulk region with 300 nm cobalt thin film is:  

𝑈𝑇 = 𝑈𝐵 + 𝑈𝐺 + 𝑈𝑇ℎ + 𝑈𝑆  

 

Figure 19. Evolution of normalized Length with normalized amplitude. (a) Evolution of the normalized length 

versus to normalized amplitude. Blackline is the power law relationship of wrinklon model (slope = 0.5), and red line 

is the power equation fitting (slop= 0.31) of experiment data (red triangles). (b) Schematic of the wrinklon model. l 

is the length of transition region. (c) Typical example of wrinklon pattern on a rubber curtain (scale bar is 25 cm), 

the wrinklon pattern area is highlighted in the square. Phys. Rev. Lett. 2011, 106 (22), 224301, copy right American 

Physical Society. (d) Schematic of hierarchical wrinkles pattern. L is the hierarchic length, and (e) AFM image of 

hierarchical wrinkles on the edge of thin metal film. The typical hierarchical pattern is highlighted in the square. 

Copyright 2016 American Chemical Society. 

Copyright 2016 American Chemical Society. 
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= 𝐿𝜆 [𝐸𝑡3𝛥(𝜆𝜋)−2 + 𝜌𝑔𝜆2𝛥𝑠𝑖𝑛2 (
2𝜆

𝜋
)𝜋−2 +

𝐸

1 − 𝜐
𝛼𝑆
22(𝛥𝑇)

2𝑡 + 
1

2
𝐸𝑡(
𝜕𝑧

𝜕𝑥
)2𝐿𝜆] 

~ 𝐿𝜆[100 + 10−11 + 100 + 0]                                                                                         (5) 

Table IIV. The scale for all parameters for wrinkled in thin metal film. 

Young’s modulus of Cobalt (𝐸𝑡) 2.09 ×1011 Pa 

Young’s modulus of Chromium (𝐸𝐶𝑟) 2.79 ×1011 Pa 

Thickness of Cobalt (𝑡) 300, 100, and 50 nm 

Thickness of Chromium (𝑡𝐶𝑟) 30 nm 

Poisson's Ratio of Cobalt (𝜐) 0.31 

Bulk modulus of silicone oil (𝐸𝑠) 1 ×109~1.8×109 Pa 

Thermal expansion coefficient of silicone oil (𝛼𝑠) 7.7×10−4 K-1 

Thermal expansion coefficient of cobalt (𝛼𝑡) 1.2×10−5 K-1 

Thermal expansion coefficient of chromium (𝛼𝐶𝑟) 6.2×10−6 K-1 

Temperature Change in deposition process (𝛥𝑇) 70~80 °C 

Density of silicone oil (𝜌) 1.09×103 Kg/m3 

Gravitational constant (𝑔) 9.81 m/s2 
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The pseudo-strain (height variation) in 𝑥 direction in bulk region is very small (
𝜕𝑧

𝜕𝑥
~0), 

since the wrinkles’ height in this region are invariable. Equation (5) means 𝑈𝐵 and 𝑈𝑇ℎ are 

about the same scale, however, 𝑈𝐺 and 𝑈𝑆 are much smaller than 𝑈𝐵 and 𝑈𝑇ℎ especially 

away from the edge, and can therefore be neglected. The surface energy decreases with 

increase of distance to the edge (𝑥) and is essentially zero at the top of the meniscus. 

Different from previous studies on polymer thin films floating on the fluids, the gravitational 

energy does not play a significant role in this case. This is attributed to metal film’s higher 

stiffness and larger bending energy than that of polymer film. Therefore, the surface 

energy and gravitational energy are neglected in the region away from the edge: Total 

energy in bulk region: 

𝑈𝑇 = 𝑈𝐵+𝑈𝑇ℎ                                                          (6) 

This indicates that for region away from the edge, the liquid silicone oil substrate has 

similar interaction as elastic polymer substrates in previous studies on wrinkling. 

Therefore, we can apply the herringbone bucking model of compressed thin film,(28) 

𝑞𝑐𝑡 = (3𝐸̅𝑠/𝐸̅𝑡)
1/3, where  𝑞𝑐is the critical wave number which is also the balance wave 

number, 𝐸̅𝑠 and 𝐸̅𝑡 are strain modulus of substrate and meta thin film, respectively; and 

strain modulus 𝐸̅ = 𝐸/(1 − 𝜐2). Here, we approximate the bulk modulus of silicone oil to 

represent the Young’s modulus of the substrate, 1.0 ~1.8×109Pa. The critical wavelength 

predicted for our bulk region is 5.98 ~ 7.27 m, which is consistent with 6 mm as shown 

in Figure 17b. The experimental wavelengths for the bulk wrinkles are close to the lower 
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theoretical limit. This is believed to be due to higher Young’s modulus of thin chromium 

layer on the surface of silicone oil and the polymerization of liquid layer just below the thin 

film, which has much higher Young’s modulus due the high film deposition temperature 

(100 °C).(28, 85) The wrinkle amplitudes away from the edge (near top of the drop) 

measured via AFM (about 800 nm as shown in Figure 17b) is also similar in magnitude 

to that from 𝐴 =
𝜆

𝜋
√∆ by substituting critical wavelengths. 

Different from the bulk region, there is non-negligible interfacial surface energy applying 

stress to the metal thin film from the edge causing the formation of smaller wavelength 

wrinkles. In this regime, the total energy of the thin film is 𝑈𝑇 = 𝑈𝐵 + 𝑈𝐺 + 𝑈𝑇ℎ + 𝑈𝑆, with 

(
𝜆

𝐿
)4 ~10−2 𝑡𝑜 10−3  as determined from the relationship shown in Figure 3b. Therefore, 

the total energy is given by: 

 𝑈𝑇 ≈ 𝑈𝐵 + 𝑈𝐺 + 𝑈𝑇ℎ + 𝑈𝑆 = ~𝐿𝜆[10
0 + 10−11 + 100 + 10−1]                    (7) 

and thus becomes: 

 𝑈𝑇 ≈ 𝑈𝐵 + 𝑈𝑇ℎ + 𝑈𝑆 =  𝐿𝜆
−1𝐸𝑡3𝛥 +  𝐿𝜆

𝐸

1−𝜐
𝛼𝑠
2(𝛥𝑇)

2𝑡 +
1

2
𝐸𝑡𝜆5∆2𝐿−3              (8) 

Minimizing 𝑈𝑇 with respect to L  lead to: 

𝐿(𝜆) = (
1

6
𝛾𝜆6∆2(1−𝜐)

𝐸𝑡3∆(1−𝜐)+𝐸𝑡𝛼𝑆
2∆𝑇2𝜆2)

)1/4                                              (9) 



65 
 
 

Scale analysis indicates the scale of 𝐸𝑡3∆(1 − 𝜐)  is of the order of 𝐸𝑡𝛼𝑆
2∆𝑇2𝜆2 

(about  10−16  and  𝐸𝑡𝛼𝑆
2∆𝑇2𝜆2 ≥  𝐸𝑡3∆(1 − 𝜐) ). This yields  𝐿(𝜆) ~ (

𝛾𝜆6∆2(1−𝜐)

6𝐸𝑡𝛼𝑆
2∆𝑇2𝜆2

)
1/4

∝

(𝜆4∆2)1/4~𝜆𝛥1/2. Since we know 𝐴 =  
𝜆

𝜋
 √𝛥, we can deduce: 

𝐿(𝜆)  ∝  𝐴 (𝜆)    (𝜆 ≤ 𝜆𝑐)                                                    (10a) 

𝐿(𝜆)  ∝  𝐴𝑐   (𝜆 = 𝜆𝑐)                                                       (10b) 

Where, 𝜆𝑐 is the critical wavelength 𝜆𝑐 = 
2𝜋

𝑞𝑐
, which is also the maximum wavelength, 

and 𝐴𝑐 is the amplitude corresponding to the 𝜆𝑐, which can be calculated by 𝐴𝑐 =
𝜆𝑐

𝜋
√∆. 

This linear scaling law is in agreement with the results as shown in Figure 20. 

Therefore, wrinkling pattern in the bulk is smoothly matched to the cascade structure at 

the edge by this linear relationship. 

The stretch from edge exists in both the wrinklon pattern and hierarchical wrinkles. The 

deviation of hierarchical wrinkles to the wrinklon model as shown in Figure 19 is attributed 

to three energies operative in the hierarchical wrinkles―bending, thermal expansion, and 

surface stretch (𝑈𝑇 = 𝑈𝐵 + 𝑈𝑇ℎ + 𝑈𝑆), in comparison to two energy terms ―bending and 

stretch energy (𝑈𝑇 = 𝑈𝐵 + 𝑈𝑆 ) in wrinklon model. Further, the substrate stiffness and 

thickness variation from the boundary to bulk of silicone oil also could be one of reasons 

that leads to this deviation. During the deposition, the silicone oil surface is crosslinked 

by the hot metal vapor. These thermally crosslinked silicone oil shells lead to the variation 

of stiffness and thickness of the substrates.(228)  
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Up to 5 hierarchical wrinklon transitions occur near the edge of the silicone oil as shown 

in Figure 16 and Figure 17. The number of the hierarchical transitions is governed by the 

relative size of the wrinkle wavelength at the silicone oil boundary (shorter) and the wrinkle 

wavelength in the bulk region (longer). The hierarchical transition in wavelength start from 

the edge and increases following the hierarchical wrinkles relationship, λn+1 = 2λn. These 

transitions stop when the wavelength reaches the bulk wavelength: 2n-1λ1 ≥ λBulk. The 

number of transistors on a thinner metal film (100 nm) is 3, as shown in Figure 16d, while 

it is 1 or 2 for even thinner metal films (50 nm) as shown in Figure 16f. The thickness 

dependence is attributed to the bulk-wrinkle wavelength being a governed by the film-

thickness as per the von-Karman relation. Therefore, thinner metal films lead to smaller-

wavelength wrinkles in the bulk region, thus allowing fewer transitions to reach to λBulk. 

 

Figure 20. Evolution of hierarchic Length (L) with amplitude (A) at wavelength λ ≤ λc. The relationship is fitted 

by a power equation with exponent equal to one. Insert images are power fitting of data from Appl. Phys. Lett. 103, 

251610 (2013).  Copyright 2016 American Chemical Society. 
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Additionally, hierarchical wrinkles on smaller silicone oil droplets and lines have fewer 

transition regions. This is because of the absence of bulk region, where the edge 

stretches to the center top surface leading to λmax< λBulk as shown in Figure 16e. 

We applied this scaling on wrinklons in graphene wrinkling studied by Meng et al. Here, 

monolayer graphene was grown on the liquid copper surface by chemical vapor 

deposition (CVD) and upon cooling produced one-dimensional parallel wrinkle with self-

similar hierarchy. The evolution of the hierarchical length with wrinkles amplitude was 

near perfectly fit with the developed linear relationship as shown in the insert Figure 19. 

𝑈𝐵 , 𝑈𝑇ℎ  and 𝑈𝑆  are linearly proportional to Young’s modulus and there is no Young’s 

modulus dependence in 𝑈𝐺. Therefore, a high value of Young’s modulus implies relatively 

lower gravitational energy than other three energies. Graphene, the strongest materials 

with ultrahigh Young’s modulus has shown similar hierarchical wrinkles on the edge after 

its growth on liquid metal surface. In contrast, the soft materials with lower Young’s 

modulus have comparatively significant gravitational energy. In addition, the gravitational 

energy generally has an opposite effect to the bending energy leading to smaller wrinkles 

(amplitude and wavelength) in soft materials. 

4.1.2 Adhesion Energy  

The adhesion of the MoS2 on the substrate causes the separation of thin MoS2 flakes 

from the bulk MoS2 in the mechanical exfoliation process. The curvature in wrinkled MoS2 
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flakes leads to bending and delamination of MoS2 on the substrate. The interplay of 

adhesion and bending energies results in stable partial separated, wrinkled MoS2 on the 

substrates. Therefore, these wrinkles’ attributes are used to calculate the adhesion 

 

Figure 21. Typical wrinkled MoS2 on substrates. (a) Schematic of wrinkled MoS2 flake on substrate and AFM 

3D image of a wrinkled MoS2 flake; (b) Field emission scanning electron microscopy characterization image of a 

typical wrinkled MoS2 on substrate; (c) Optical image of MoS2 flakes on SiO2 substrate, insert is the atomic force 

microscopy image of the dashed square area in (c), the thickness of wrinkled part of MoS2 is 17 nm, and the scale 

bar in insert is 4 m; (d) Optical image of MoS2 flakes on Si3N4 substrate, insert is the atomic force microscopy 

image of the dashed square area in (d), the thickness of upper wrinkled part of MoS2 is 80 nm and the scale bar in 

insert is 4 m. Copyright 2017 American Chemical Society. 
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energy of MoS2 on the substrates. Typical wrinkled MoS2 films on substrates as observed 

under field emission scanning electron microscopy (FESEM) is shown in Figure 21b. 

Since the FESEM micrograph contrast corresponds to electron scattering due to surface 

curvature and electron density, the wrinkled region is brighter than the flat regions.(229) 

Wrinkled MoS2 are formed on both SiO2 and Si3N4 surfaces as shown in Figure 21c, 20d 

and 22. The thickness of the MoS2 sheet is shown quantitatively in atomic force 

microscopy images, and they also could be qualitatively distinguished from the color in 

optical images in Figure 1c and 1d. The wrinkles’ size (amplitude and wavelength) on 

relative thin MoS2 (thickness: 17 nm, Figure 21c) is smaller than wrinkles on the thick 

MosS2 flake (thickness: 80 nm, Figure 21d). 

The height profiles of the wrinkles and the thickness of the MoS2 flakes are shown in 

Figure 22. It should be noted, the horizontal axis is in micrometer scale and the vertical 

axis is in nanometer scale in the crossline scan of the AFM image. Therefore, wrinkles 

would have much smaller actual height/width ration than “displaying” height/width ratio 

when the horizontal and vertical axes are in the same unit scale. The wrinkles are “smooth” 

(small curvature) and symmetric, which is an important assumption in our model (as 

shown latter) since part of the bending energy will be counteracted in the sharp and 

asymmetric region, and weaken the adhesion of the interface.  

Thermodynamically, the work of adhesion of the interface is the amount of energy 

required to separate thin film from the substrate and form free surfaces of thin film:(230)  

 𝑊 = 𝛾𝑓 + 𝛾𝑠 + 𝛾𝑓𝑠                                                     (11) 
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𝛾𝑓 and 𝛾𝑠 are the surface energies of the MoS2 film and the substrate respectively, 𝛾𝑓𝑠 is 

the adhesion energy for the film/substrate interface. Contact angle measurement is the 

   

Figure 22. Characterizations of wrinkled MoS2. (a) Optical image of a MoS2 flake on SiO2 substrate; (b) Atomic 

force microscope scanning image of (a); (c)and(d) Height profiles of corresponding dash lines in (b); (e) Optical 

image of a MoS2 flake on Si3N4 substrate; (f) Atomic force microscope scanning image of (e); (g)and(h) Height 

profiles of corresponding dash lines in (f). Note that the vertical scales (y-axis) are in profiles figures are nanometers, 

and the horizontal scales (x-axis) are in micrometers. (i) A typical optical image of wrinkled MoS2 flakes on SiO2. 

The region between white dashed lines is wrinkled region. (j) and (k) Raman position mapping of E1
2g mode and 

A1g mode, respectively. Both E1
2g mode and A1g mode peak in the wrinkled regions (between two dashed lines) 

have a red shift (low Raman position shift) comparing to that of MoS2 in a flat region. (l)  Raman position difference 

between E1
2g mode and A1g mode. No obvious color transition from flat to wrinkled MoS2 indicates that there is not 

strong axial compressive strain or separation between MoS2 layers in the wrinkled region. The units for the scale 

bars in (j), (k), and (l) is cm-1. Copyright 2017 American Chemical Society. 
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most convenient and rapid method to probe the surface energy. Therefore, the Eq. (1) is 

often rewritten as Young’s equation: 

 𝛾𝑓𝑠 = 𝛾𝑠 − 𝛾𝑓cos 𝜃                                                    (12) 

Where 𝜃 is contact angle as shown in Figure 23a, and 150˚ ≤ 𝜃 <  180˚  from the 

experiment data in our case. The surface energies of SiO2 (𝛾𝑆𝑖𝑂2 =  0.115-0.200 Jm-2)(96) 

and MoS2( 𝛾𝑀𝑜𝑆2 =  0.0465 Jm-2)(231) give that the MoS2/SiO2 interfacial energy 

𝛾𝑀𝑜𝑆2/𝑆𝑖𝑂2 =  0.155-0.246 J m-2 from Equation (12). However, there is no reliable data for 

the surface energy of Si3N4 (𝛾𝑆𝑖3𝑁4) at room temperature, which leads to an unavailable 

estimation for 𝛾𝑀𝑜𝑆2/𝑆𝑖3𝑁4  in Young’s equation. 

The formation of wrinkles is a consequence of the interplay between bending energy of 

the MoS2 flakes and interface adhesion energy,(105) as shown in Figure 23. The 

adhesion energy of the MoS2 flakes can be measured accurately from the thickness of 

the flakes and the size of the wrinkles. We assume that the van der Waals forces between 

MoS2 layers are strong and sufficiently enough to adhere each other, so no significant 

sliding or delamination occurs in MoS2 layers as shown in Figure 22j to 22k and explained 

later. (96) 
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Figure 23. Wrinkled MoS2 on substrate and adhesion energy calculation and analysis.(a) Schematic the 

wrinkled MoS2, L0 is the original length of the MoS2, L is the project length of wrinkled MoS2 on substrate, A and λ 

stand for the amplitude and wavelength of the wrinkle respectively; and red arrows stand for the surface energies 

at contact region, 𝛾𝑓 and 𝛾𝑠 are the surface energies of the MoS2 film and the substrate respectively, 𝛾𝑓𝑠 is the 

energy for the film/substrate interface, and 𝜃 is contact angle; (b) Schematic of energy distribution in wrinkled MoS2, 

sheet energy is not shown here; (c) Adhesion energy calculation of MoS2 on SiO2 (black squares) and Si3N4 (red 

triangles) surface versus normalized amplitude 
𝐴

𝑡
. The green dashed line is the 

𝐴

𝑡
 =3.4. Grey area has  

𝐴

𝑡
 < 3.4 and 

the green area has 
𝐴

𝑡
 > 3.4. The black and red dash lines are the average of respective data for SiO2 and Si3N4 in 

the green area; (d) and (e) The thickness dependence of the adhesion energies of MoS2 on SiO2 and Si3N4, the 

value of the black dash is  = 0.170 and value of the read dash is  = 0.252; (f) Length scale parameters 
3𝛾𝜆3

2𝜋2𝐸𝑡3
  

(blue) and 
𝐴2𝜋2

4𝜆
 (black) versus 𝛥𝐿. Copyright 2017 American Chemical Society. 
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The total energy (𝑈𝑇) of the wrinkled MoS2 system can be represented as the following 

equation: 𝑈𝑇 = 𝑈𝐵 + 𝑈𝐴 + 𝑈𝑆, where, 𝑈𝐵 is the bending energy for wrinkles in MoS2 sheet, 

𝑈𝐴   is the adhesion energy of MoS2 on the substrates, and 𝑈𝑆  is the interlayer sheet 

energy in the MoS2 wrinkles. Assume the wavelength of a wrinkles is constant in 𝑡ℎ𝑒 𝑦 

direction as shown in Figure 23a, therefore, the wrinkles energy analysis can be simplified 

to a two-dimensional model in 𝑥𝑧 plane. Units of all energies are J m-1. The corresponding 

out-of-plane displacement in the wrinkled MoS2 sheet can be simplified to be a function: 

𝑧 =
𝐴

2
[1 + cos (

2𝜋𝑥

𝜆
)],23,24 which satisfies the boundary condition of zero slope at the two 

ends (𝑥 =  ±
1

2
𝜆 ), where 𝐴  is the amplitude and 𝜆  is the wavelength of the wrinkle, 

respectively. The bending energy can be written as 𝑈𝐵 = 
𝜋4𝐸𝑡3𝐴2

12𝜆3
,23 where 𝐸 is Young's 

modulus of the MoS2 sheet and 𝑡 is the thickness of the sheet. Adhesion energy 𝑈𝐴 =

 −𝛾 (𝐿 − 𝜆), where 𝛾 is the adhesion energy between MoS2 and substrate per unit area 

(J m-2) and 𝐿 is the projected length of the wrinkled MoS2 on substrates (𝑥𝑦 plane in 𝑡ℎ𝑒 𝑥 

direction), and 𝐿0 is the original length of winkled MoS2 sheet in 𝑥 direction. Sheet energy 

𝑈𝑆 = 
1

2
 𝐸𝑡𝐿(

𝜋2𝐴2

4𝐿𝜆
− |𝛥|2) with 𝛥 = (𝐿 − 𝐿0)/𝐿 is the plane strain.(105, 232) However, the 

sheet energy in our case is negligible as shown in Raman strain study in Figure 22. In the 

wrinkled region, the two most prominent Raman peaks, E1
2g mode (near 384 cm-1) and 

A1g mode (near 405 cm-1), are red-shifted (the vibrations soften) as shown in Figure 22j 

to 22k. These red shifts indicate the strain in the plain of MoS2 flake and the existence of 

wrinkles. Further, there is no obvious change of the difference between E1
2g mode and 

A1g mode in the wrinkled region comparing to that of the flat part as shown in Figure 22l. 

This means no separation between MoS2 layers in the wrinkled region. Therefore, the 
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sheet energy 𝑈𝑆  can be ignored in the total energy. The linear total energy can be 

rewritten as: 

 𝑈𝑇 = 𝑈𝐵 + 𝑈𝐴 = 
𝜋4𝐸𝑡3𝐴2

12𝜆3
− 𝛾 (𝐿 − 𝜆)                                     (13) 

Minimizing 𝑈𝑇 with respect to 𝐴  and 𝜆  leads to 𝐴 =  
2𝜆 

𝜋
√(|𝛥| −

𝜋2𝑡2

3𝜆2 
)
𝐿

𝜆 
 and  

𝜋2𝑡3

3𝜆3 
(
𝜋2𝑡2

3𝜆2 
−

|𝛥|) +
𝛾

2𝐸𝐿
= 0. Assuming, |𝛥| ≫  

𝜋2𝑡2

3𝜆2 
  and |𝛥| −

𝜋2𝑡2

3𝜆2 
 ~|𝛥|.  This yields: 

𝜆

𝑡
= √

2𝜋2𝐸(𝐿0−𝐿)

3𝛾

3
                                                    (14) 

𝐴 =  
2𝜆

𝜋
√
𝐿0−𝐿

𝜆
                                                       (15) 

Combine equation (14) and (15):  

𝐴

𝜆
= 

2

𝜋
√ √𝐿0−𝐿

2
3

𝑡
 √

3𝛾

2𝜋2𝐸

3
                                                  (16) 

Therefore,                                               𝛾 =  
𝜋4𝐸𝑡3𝐴2

6𝜆4
                                                    (17) 

The calculation results of adhesion energies for MoS2 on SiO2 and Si3N4 are shown in 

Figure 23c. However, it should be noted, Equation (14) to Equation (17) are also based 

on the condition (|𝛥| ≫  
𝜋2𝑡2

3𝜆2 
). The axial compressive strain𝛥 =

𝐴2𝜋2

4𝜆𝐿
 is given by rewriting 

Equation (15) and 
𝐴2𝜋2

4𝜆𝐿
≫ 

𝜋2𝑡2

3𝜆2 
.  From the experiment data, we know that 𝐿 is in the scale 

of 10 m and 𝜆  is in the scale of 1 m, this leads to 
𝐴2

𝑡2
≫

𝐿

𝜆
 ≈ 10  and the value of 
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normalized amplitude 
𝐴

𝑡
 should be great than 3.4 for the validity of |𝛥| ≫  

𝜋2𝑡2

3𝜆2 
. Therefore, 

the data with 
𝐴

𝑡
 ≥ 3.4 are favorite for the calculation of the adhesion energy in our model. 

The adhesion energies for a MoS2 nanoscale thin film on SiO2 and Si3N4 are 0.170 ± 

0.033 J m-2 and 0.252 ± 0.041 J m-2, respectively. This adhesion energy for MoS2/SiO2 

interface closely agrees with the value we estimated thought Young’s equation (Equation 

(12)).  

The calculation of adhesion energies based on selected data versus thickness of the thin 

film are shown in Figure 23d (SiO2) and 23e (Si3N4). The results show a thickness-

independence in a broad range (thickness larger than 15 nm) for both substrates. This 

validity is guaranteed by the normalized amplitude condition (  
𝐴

𝑡
 ≥ 3.4 ). Rewriting 

Equation (14) to a length scale parameter = 
3𝛾𝜆3

2𝜋2𝐸𝑡3
 , and Equation (15) to the same length 

scale parameter 𝛥𝐿 =
𝐴2𝜋2

4𝜆
 , therefore, we have: 

3𝛾𝜆3

2𝜋2𝐸𝑡3
= 

𝐴2𝜋2

4𝜆
                                                       (18) 

Equation (18) also can be used verify the value of the adhesion energies, the comparison 

of these two parameters’ in the two sides of the Equation (8) as shown in Figure 23f. The 

overlapping of linear fittings for experiments (
3𝛾𝜆3

2𝜋2𝐸𝑡3
) and theory (

𝐴2𝜋2

4𝜆
) shows that our data 

is well fit our model. 

Additionally, transformations of Equation (14) and Equation (15) also give the plane 

strain as: 
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 𝛥 =
𝐴2𝜋2

4𝜆𝐿
= 

3𝛾𝜆3

2𝜋2𝐸𝑡3𝐿
                                                  (19) 

This means, for certain thickness of thin film on substrates (known 𝑡  and  𝛾 ) formed 

wrinkles, two-dimensional size characteristics―wavelength of wrinkles (𝜆) and length of 

thin film (𝐿), but not the third dimensional measurement―amplitude (𝐴), are need for the 

plane strain (𝛥) measurement. Since the amplitude measurement is slow, expensive and 

destruct process as shown later, Equation (19) will provide a fast, low-cost and damage-

free plane strain measurement approach for thin 2D nanomaterials.  

Mechanisms and Analysis 

The adhesion is affected by the film thickness, microstructure, chemistry and test 

temperature.(230)21 For the adhesion study on graphene, monolayer graphene showed 

larger adhesion than the two to five layer graphene, this was due to that graphene is 

extreme flexible, which allowed it to conform to the substrate surface topography, leading 

to a topography interaction with the substrate.(96)11 The result shown in Figure 23d and 

23e does not mean the adhesion is thickness-independent for any thickness of MoS2 film. 

Ultrathin (monolayers) MoS2 may have higher adhesions on substrates than multilayers 

MoS2 due to higher flexibility.(96)11 However, this effect in MoS2 is expected to be reduced 

because of the three atom thick network in monolayer MoS2 instead of one atomic layer 

in monolayer graphene. The liquid–like interaction is expected to be absent for thickness 

larger than 15 nm (20 layers). Thinner films fit better in our model as shown in our 

calculation, the value of 
𝜋2𝑡2

3𝜆2 
  decreases and the value of normalized amplitude 

𝐴

𝑡
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increases for the thinner MoS2 film. However, thin layers of MoS2 (below 10 nm) is not 

applicable for the adhesion calculation due to reduced bending rigidity of thin layers of 

 

Figure 24. MoS2 wrinkling on SiO2 and Si3N4 surface mechanism analysis. (a) Optical image of the thin MoS2 

flakes on SiO2 surface right after mechanical exfoliation. The dark bar region is the wrinkle; (b) Atomic force 

microscopy scanning of the same area in (a). The wrinkle collapsed and formed fold in the scanning process. The 

thickness of the flake in wrinkled region is 10 nm; (c) Optical image of the thin MoS2 flakes on SiO2 surface after 

scanning, the wrinkles collapsed and disappeared and fold was formed; (d), (e), and (f) Schematics of symmetrical, 

asymmetrical and folder wrinkles on substrates; (g) Scanning electron microscope image of a sharp and asymmetry 

wrinkled MoS2; (h) Scanning electron microscope image of a layers delamination in MoS2, the top layers is thin and 

wrinkled and delaminated form the bottom layers; (i) Surface roughness analysis of SiO2 and Si3N4 substrates. 

Solid lines are the Lorentzian fittings for the roughness data. Copyright 2017 American Chemical Society. 
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MoS2 sheet. In our case, the thin film wrinkles will collapse and form folds, especially in 

the AFM scanning process, which are unstable wrinkles with one side collapsed on the 

other side of wrinkles. This formation of folds leads to smaller adhesion energy in the 

calculation since the collapsing leads to smaller wrinkle amplitude but larger wavelength, 

as shown in Figure 24a to c. In this case, the symmetrical wrinkles are expected to 

experience external forces (AFM measurement), then transform to asymmetrical and 

sharp wrinkles, and collapse into folded wrinkles in the end, as shown in Figure 24(d) to 

(f). 

Further, small wrinkles, even on relative thick flakes, are unreliable in the calculation of 

the adhesion, since the values of normalized amplitude 
𝐴

𝑡
 would be smaller than 3.4. 

Additionally, small wrinkles do not fit our model and can form due to several reasons. One 

is that only a partial flake layers may be involved in the formation of wrinkles: only a few 

top layers are wrinkled and these wrinkles are supported on the bottom layers of MoS2 

instead of the substrate, as shown in Figure 24h. The top layers are very thin and partially 

delaminated from the bottom layers, which is visible through the top layers (Figure 24h). 

The wrinkle is the consequence of bending of top layers and adhesion between MoS2 

layers, which can be applied to study the interlayer adhesion. Another reason could be 

contamination in the interface between substrates and flakes results in the deformation 

of the flakes. Further, the line defects and deformations in the bulk MoS2 also can induce 

wrinkles-like topography of the surface of the flakes. Since part of the bending energy is 

partially counteracted in the sharp and asymmetric region, the adhesions are weak on the 

interface, as shown in Figure 24g. This would result in false high adhesion in the 
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calculation with Equation (17). Further, these wrinkles also cannot be eliminated through 

the condition 
𝐴

𝑡
 ≥ 3.4, since they have distorted high amplitudes comparing to the smooth 

wrinkles. This type of wrinkles can be excluded from AFM height profiles, as shown latter. 

All these situations were avoided in the data collection for the adhesion calculation. 

These values of adhesion of MoS2 on SiO2 are smaller than previous study(96) for the 

graphene sheet on SiO2, which can attribute to the MoS2 flakes being not that flexible so 

as to conform to the topography of the substrate, especially the relatively "thick" MoS2 

flakes are used in our study. On the other hand, the MoS2 flakes show larger adhesion 

on the Si3N4 surface than the SiO2 surface. This may be caused by the roughness 

 

Figure 25. Asymmetric Wrinkled MoS2 on SiO2. (a) Typical optical image of a wrinkled MoS2 (b) Atomic force 

microscopy characterization image of the same wrinkled in (a), insert is the height profile along the dashed line (1-

1’). (c) and (d) SEM image of an asymmetric wrinkle. 
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difference between these two surfaces. The roughness of the SiO2 and Si3N4 surface can 

be detected in the AFM, as shown in Figure 24i. Both SiO2 and Si3N4 are very smooth. 

However, the Si3N4 surface is smoother than the surface of the SiO2. Theoretical studies 

suggested that adhesion energy shows a jump increase to a decrease of the substrate's 

roughness (idealized sinusoidal profiles).(232) Therefore, Si3N4 makes closer and more 

intimate contact with MoS2 than that of SiO2 and results in larger adhesion energy.  

In conclusion, a wrinkled MoS2 can be used to determine the adhesion energy of MoS2 

on rigid and flat substrates (SiO2 and Si3N4). The adhesion energies of 0.170 ± 0.033 J 

m-2 for MoS2 on SiO2 and 0.252 ±  0.041 J m-2 for MoS2 on Si3N4 were obtained, 

respectively. The different values on these two substrates are attributed to the roughness 

of the surfaces. This method is suitable for wrinkles with ( 
𝐴

𝑡
 ≥ 3.4). Wrinkles in ultra-thin 

film (< 10 𝑛𝑚) were not stable in the AFM measurement. We also propose a method to 

measure the strain in three-dimensional wrinkle without measuring the amplitude of 

wrinkles. For known thickness of a thin film on substrates (known 𝑡  and  𝛾 ), two-

dimensional size characteristics―wavelength of wrinkles (𝜆) and length of the thin film 

(𝐿), but not the third-dimensional measurement―amplitude (𝐴), are needed for the strain 

measurement. Therefore, the plane strain measurement for wrinkles on ultra-thin film can 

be attained without damaging the wrinkles. The method may be extended to study the 

surface interaction, 2DNs properties modulations, and thin film device fabrication.  

4.2 Wrinkled in graphene on bacteria 

Integrating the quantum mechanical phenomena of structurally-intact nanomaterials with 

the functionalities of interfaced biological components can produce advanced 
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bionanotechnologies: cell actuated sensors(233), cell-driven FETs (234), cell-excretion 

based FETs(46, 235), and cell electrochemical transponders(236). Understanding the 

interface between soft biological cells and quasi-fluidic 2D nanomaterials (2DNs) can 

evolve important applications in sensing(46), bio-actuated devices(236, 237), and bio-

gated FETs(234, 238). While most of the current effort has been focused on intact 

graphene, its structural modification can alter its properties (48, 111-113) and open new 

avenues for bioelectronics. Producing nanoscale 2D wrinkles in confined and position-

controlled micro-scale region requires a substrate, which (a) has strong adhesion with 

wrinkling film and a high Young’s modulus, (b) is ‘localized’ in micro-scale region, (c) can 

induce large strain via surface-area change, (d) has structural integrity, and (e) can be 

controllably positioned on devices with precision. Here, we demonstrate that a 

microorganism may possess all these attributes and can induce compression on an 

overlaying graphene sheet to produce nanoscale-wavelength wrinkles in a confined 

region. 

Bacillus subtilis, which provides a unique combination of properties for this task: (i) 

nominally rod-shaped, (ii) 1 X 5 µm2 in size, (iii) high-adhesion, amphiphilic surface-

architecture made of peptidoglycan membrane: crosslinked chains of hydrophobic fatty 

acids and hydrophilic groups (teichoic acid, sugar, etc.), (iv) high volatile intracellular 

content (~75-80% water), (v) water in cytoplasm is exchanged with the surrounding via 

aquaporins (porins for water molecules) on the cell wall, and (vi) squeezable: cell 

contracts with water reduction. Although, water-swelling polymers or hydrogels that can 
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also retain water, however, their structures are challenging to be robust and confined into 

1 X 5 m2 area.  

4.2.1 FESEM characterization  

 

The wrinkles formed are highly selective, longitudinal and confined on graphene sheet 

atop bacterial cells as observed under FESEM (Figure 26). This is attributed to 

bacterium’s radial shrinkage being energetically more favorable than axial shrinkage.(239) 

Further, Bacillus subtilis is strepto-Bacillus bacteria, which form long, connected chains; 

thus, the wrinkles can cross from one bacterium to the next to produce longer. Figure 23a 

shows a magnified FESEM micrograph of wrinkled graphene on bacteria and the inset 

depicts contrast scan for the dashed line. Since the FESEM micrograph contrast must 

correspond to the wrinkles on the graphene,(229) the contrast scan provides the number 

of the wrinkles (n) on each transverse bacteria: n = 20 with an average wavelength (𝜆, 

the distance between two wrinkles) of 32.4 nm. Angular spectrum analysis (SPIP™ 

software package) was conducted to investigate the anisotropy of the wrinkles on 

graphene (Figure 9 (c), and (d))(240). The texture direction (TD) – the angle of the 

dominating texture in the image (angular range = 0 to 180; X-direction = 00) – for Figure 

26 (cropped along the wrinkled area with longitudinal bacterium as horizontal) is 89.70 

(close to 900) implying longitudinal wrinkles. The texture aspect ratio (TAR) – the ratio of 

the fastest to slowest decay to correlation at 37% (the equivalent of 1/e) of the 

autocorrelation function – is a measure of texture uniformity. Strongly anisotropic surface 

has TAR (value between 0 and 1) < 0.3, while an isotropic surface texture will have TAR 

~ 1. A TAR value of 0.125 (Figure 9 (c)) for the wrinkled graphene indicates strong spatial 
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anisotropy. Further, we observed the diameter of the bacterium DB (~1 m) shrinks to DW 

(~0.6 m), which is the width of the wrinkled region. The wavelength of wrinkles is 

independent of the diameter of bacteria as showing in FESEM studies. 

 

4.2.2 AFM characterization 

 

The AFM scans shown in Figure 27 are consistent with FESEM image analysis in Figure 

26. The height of the wrinkles varied from 7 to 10 nm.  Unlike FESEM operation under 

high vacuum, AFM allows inspection of graphene before and after vacuum/heat exposure 

under ambient conditions. In contrast to a continuous and smooth surface of graphene 

on bacteria before the vacuum/heat treatment (Figure 27a), the surface becomes wrinkled 

after vacuum/heat treatment (Figure 27b)and stays wrinkled at atmospheric pressure for > 

48 h, as shown in Figure 27c. Further, the average height of the bacterial cell reduces 

Figure 26. FESEM image of wrinkles on graphene and angular spectrum investigation. (a) FESEM 

micrograph of one and a half bacterium. The inserted figure is the brightness contrast scan. DB is the diameter of 

the bacteria and DW is the diameter of the wrinkle area atop the bacteria surface, (b) The texture direction Study of 

rectangular area in (a), and (c) The texture aspect ratio study of rectangular area in (a). Copyright 2016 American 

Chemical Society. 
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from 0.278 m to 0.186 m, which is attributed to a reduction in aqueous content. Cracks 

near the bacteria after vacuum/heat treatment are also observed in AFM images.  

 

4.2.3 Raman spectroscopy characterization 

The relative strain on graphene at different stages of the process was investigated via 

Raman shift measurements of the G and 2D peaks and their shapes.(241) The elongation 

and weakening of the C-C bonds lead to a Raman-redshift, lowering the vibrational 

frequency,(241) and the full width at half maximum (FWHM) increases upon application 

of tensile stress.(242) The Raman mapping of graphene on bacteria surface before and 

after the vacuum is displayed in Figure 28 (a) and (b), respectively. Both the G and 2D 

peak positions of graphene on bacterial surface (Figure 28 (c) and (d)) are redshifted 

compared to graphene on flat substrate (darker on bacterium than on SiO2), indicating 

Figure 27. AFM and simulation studies of graphene on bacteria before and after vacuum/heat treatment. (a) 

Image of grapheme on the bacteria before vacuum and temperature; (b) Image of bacteria area under graphene 

after vacuum and temperature treatment. Insert figures are height scanning of white dash line in figure (a) and (b), 

respectively. (c) Time study of height bacteria in air after vacuum. Bacteria without graphene covered (Black dash 

line), bacteria with graphene covered; (d) Bacteria with graphene covered in water after vacuum. Copyright 2016 

American Chemical Society. 
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the existence of tensile strain induced by bacterial curvature as discussed earlier (FESEM, 

AFM and CGMD simulation results). The strain also increases the FWHM of the G peak 

from 15 to 33 cm-1 (more than two-fold increase). After vacuum/heat annealing and 

wrinkle formation, graphene on bacteria exhibits a blueshift in the G-peak with respect to 

graphene on SiO2 (brighter on bacterium than on SiO2). This Raman blueshift can be 

attributed to the release of tensile strain or addition of compressive strain due to the 

formation of wrinkles. Note that after vacuum/heat annealing, the entire graphene region 

exhibits blueshift (~15 cm−1 increases in G and 2D peak positions) attributed to desorption 

of O2 and other adsorbents(243). Note also that the D-peak of graphene coincides with 

the Raman peaks for bacteria. The Raman 2D frequency can be related to the strain by:   

∆ω

ω0
= γ. (εa + εp)                                                     (20) 

Where  =1.24 is the Güneisen parameter(244) and a is the axial strain, p is the relative 

strain in the perpendicular direction from the Poisson’s ratio of graphene  p = -0.186 a, 

𝜔0 is the Raman band frequency and  the shift. Therefore; 

εa = ∆ω/[− ωo. γ. (1 − 0.186)]                                     (21) 

Before annealing, graphene exhibits a strong 2D-peak feature centered around 2675 cm-

1, G-peak at 1578 cm-1; while graphene on bacterium exhibits redshifted 2D peak (2665 

cm-1) and G peak (1566 cm-1). The 10 cm-1 redshift implies a strain, 𝜀a  of 0.37% for 

graphene on the bacterium. This is close to the CGMD calculations, which measures the 

in-plane strain along the cross-section profile of graphene/bacterium contact as 0.42% ± 

0.01%. 
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4.2.4 Properties and mechanism investigation 

4.2.4.1 Anisotropic carrier mobility and conductivity  

To study the electrical properties of the wrinkled graphene, we electrophoretically 

positioned the bacterial cells between two Au electrodes. Briefly, a droplet of diluted 

Figure 28. Raman spatial mapping of G peaks on same position before and after vacuum treatment. (a) G 

peak position mapping of graphene-on-bacteria surface before vacuum; (b) G peak position mapping of graphene-

on-bacteria surface after vacuum; (c) Raman spectrum of typical position of graphene on SiO2/Si substrate (G) and 

on position of white square showing in (a) before vacuum (GB); (d) Raman spectrum of typical position of graphene 

on SiO2/Si substrate (G) and on position of white square showing in (b) after vacuum (VGB). Scale bars in (a) and 

(b) is 1 m. Copyright 2016 American Chemical Society. 
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bacterial suspension (in deionized water) is carefully placed in the region between pointed 

Au electrodes (~ 5-10 µm apart) while applying an AC field (Electric field = 1 V/m and 

frequency = 5 MHz) for 5 min. The bacterial cells experience a force towards positive field 

gradient (higher field intensity) and thus are directed towards the electrode junction, 

where they immobilize, bridging the electrode-gap. This is followed by transfer and 

placement of monolayer graphene atop the bacterial cells.  

In order to study the effect of graphenic wrinkles’ orientation on the carrier transport, we 

fabricated a ‘plus-shaped’ wrinkled-graphene-on-bacterium device (van der Pauw 

structure) with bacteria placed parallel and perpendicular to a pair of respective 

electrodes (Figure 29b and Figure 29c). It is important to note that the devices did not 

produce cracks, presumably due to pores formed during the post UV-lithography O2 

plasma etching step. The FESEM and AFM micrographs confirm that the graphene-

wrinkles are oriented in the longitudinal direction (along with the bacteria). Current-voltage 

(I-V) studies under vacuum (in order to ensure graphene wrinkles) exhibited lower 

conductivity in the transverse direction (T-direction) versus the longitudinal direction (L-

direction) (at all the gate voltages). Out of the 10 devices tested, the doping levels were 

varied and the Dirac point (with p-doping) was observed for only two devices (one shown 

in Figure 29d). At respective Dirac points (zero net doping, n=p), the conductivity in the 

L-direction was higher than that in the T-direction, representing an anisotropic electrical 

transport. Further, the Dirac point for L-transport was ~8 V higher than that for T-transport 

or in other words, L-transport had more carriers (<1.46 X 104 holes/m2 (as carrier 

concentration, n = 2CSiO2DV/e)). This represents the difference in the participating doped 
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charges from bacteria along the two conduction pathways: The least resistive path in the 

L-direction has more bacteria (thus more doping) than in the T-direction. This also 

explains the sharper Dirac point in L-direction. Clearly, the bacterium significantly p-dopes 

the over-laying graphene sheet. It is important to note that the net gate capacitance will 

include the capacitance from SiO2 and the bacterial dielectric (Cgate-net
-1 = CSiO2

-1 + 

Cbacterium
-1). The other eight devices exhibited a reduction in current with an increase in 

gate voltage from - 85 to + 85 V (Figure 29a) for temperatures ranging from 10 K to 300 

K (beyond 85 V, dielectric breakdown started). The variation in doping is attributed to 

bacteria having different ages which have different surface potentials.(245) Further work 

is required to obtain measurements by using a different cell (for example, a non-charged 

Gram-negative cell with no peptidoglycan membrane) to study the modification in the 

band-structure of wrinkled graphene. 

To extrapolate the activation barrier, temperature studies were conducted at reduced 

doping levels at the maximum gate voltage (85 V). Two conduction regimes were 

identified: (i) high temperature (120 K to 300 K) and (ii) low temperature (10 K to 120 K). 

The activation energies (𝐺 ∝ 𝑒𝑥𝑝(−𝐸𝐴 𝑘𝑇⁄ )) for the high temperature regime in T-direction 

was 1.69±0.01 meV higher than that in the L-direction (𝐺  is the conductance). The 

Schotkky barriers at the electrode-graphene junctions are expected to be similar for L- 

and T- transport; indicating a slightly increased barrier for transverse transport. Note that 

the barrier must not be affected by the carrier concentration. Therefore, the anisotropic 

wrinkles lead to suppressed carrier mobility in the T-direction.(53) This is speculatively 

attributed to the additional barrier due to longitudinal electron-hole puddles (potential 
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barriers) expected to be parallel to the wrinkles. It is important to note that for folds, the 

Figure 29. Longitudinal and Transverse carrier-transport measurements of wrinkled graphene on bacteria. 

(a) Schematic of graphene on bacteria FET device, and a typical optical image of device design after graphene 

placement via electrophoretic deposition with subsequent lithography technique: longitudinal direction (LD) and 

transverse direction (TD) are depicted with arrows. The scale bar is 10 mm. (b) Activation Energy: Resistances (at 

gate voltage of 85 V) at different temperatures were measured to determine the activation energy carrier transport. 

The inset figure shows Rayleigh scattering mapping of device, inset figure is Raman intensity mapping of graphene-

2D peak. (c) IDS - VDS study at 10 K for L- and T- directions at different gate voltages shows the higher conductivity 

in the L-direction. Inset shows the FET characteristics of drain-source current (IDS) vs. the gate–source voltage 

(VGS) at 1 mV (VDS). (d) FET transport characteristics of IDS vs. VGS at 10 K with clear demonstration of Dirac points. 

Copyright 2016 American Chemical Society.  
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T-conductivity is expected to be higher.(53) This is a further confirmation of this being a 

wrinkle-only device. It must also be noted that at reduced temperature, thermal expansion 

of graphene is expected (–ve thermal expansion(42)), which might lead to relaxation of 

wrinkles. This is consistent with the significantly reduced activation energy for the low-

temperature regime. 

4.2.4.2 Mechanism studies: wrinkle attributions and pattern analysis 

 

In order to theoretically calculate the wrinkle wavelength (𝜆) and amplitude (A), we applied 

the Föppl-von Kármán relationship for the thin film on the elastic substrate.(28) Equation 

(22) has been modified to include a pre-stretch factor (𝑆) to incorporate the relative 

displacement of graphene with respect to the bacterial surface: 

                                  𝜆 = 2𝜋𝑡(
𝐸̅𝑔

3S𝐸̅𝐵
)1/3                                                      (22) 

                                          𝐴 =  
𝐿̅𝑡

𝜆
 (

8𝑣

3(1−𝑣)2
)1/2                                                     (23) 

𝑃 =
𝑤𝐸̅𝐵

2𝑡(
𝐸̅𝑔

3S𝐸̅𝐵
)1/3

                                                         (24) 

Where the Young’s modulus and Poisson’s ratio of the graphene are 𝐸𝑔 = 1 𝑇𝑃𝑎, and 

𝑣𝑔 = 0.165, respectively. 𝐿 ̅is the effective length of wrinkles and 𝐿 ̅ = 𝐿/3, where 𝐿 is the 

length of bacteria. w is the perpendicular displacement of the graphene; P is the stress 

component by the bacterial cell wall acting perpendicular on graphene. See more detail 

in the Appendix for the calculation of 𝑆. 
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It is important to note that bacteria possess a cell-wall atop its membrane for which the 

Föppl-von Kármán equation may be applied; however, the wavelength obtained is more 

than 2 m which is greater than the diameter of bacteria, and therefore bacterial cell wall 

does not show wrinkles. Graphene wrinkles can also be compared with wrinkles on raisins, 

𝜆 = 1.5 mm (Figure 1), where with the grape skin being 30 times(82) stronger than the 

grape pulp implies a skin thickness of 111 m. Remarkably, graphene being ~370,000 

times thinner than grape skin is able to retain its mechanical characteristics while 

interacting with shrinking bacterium.  

The deposited graphene experiences tensile strain in the radial direction due to stress 

from the curved bacterium. This causes graphenic compression in the perpendicular 

direction (axial direction) due to graphene’s high Poisson’s ratio (ν= 0.165 = -Δy/Δx),(42, 

45) leading to radial (or transverse) wrinkles on graphene (about 500 nm of length and 

70 nm in width) (Figure 27a).(42) The observation was also validated by coarse-grained 

molecular dynamics (CGMD) and extended finite element method (XFEM) simulations. 

Here, a graphene model is laid on a bacterium on the substrate. The graphene sheet is 

pulled by the curved bacterium creating transverse wrinkles consistent with the 

experimental observation (Figure 27a. Clearly, the presence of radial wrinkles implies 

pre-tension in the graphene membrane on bacterium.(19, 246)  

To create longitudinal wrinkles on the graphene sheets, bacterial shrinkage or water 

expulsion is required. However, the impermeability(247) and strength(32) of graphene 

does not allow the release of bacterial water. Therefore, a graphenic crack as an escape 

pathway was created under vacuum (10-5 Torr) and high temperature (~250 °C). Here, 
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the bacterium’s volatile components vaporize, expand, and apply pressure on graphene 

(Figure 14a), which subsequently unzips(248) a crack. These unzipped cracks are clearly 

observed in the field-emission scanning electron microscopy (FESEM) micrographs. The 

crack formation on graphene is attributed to two mechanisms: (a) opposite polarity of 

thermal expansion coefficient between the graphene (-ve thermal expansion coefficient) 

and bacteria (+ve thermal expansion coefficient)(249), and (b) radial force due to applied 

pressure (estimated to be ~100 Bar). The region where graphene transitions from 

bacterium to SiO2/Si substrate experiences a high differential strain due to a change in 

curvature (bacterium – SiO2/Si boundary) and high tensile stress due to the large pressure 

difference across graphene (pressurized volatile cellular matter to vacuum). This causes 

longitudinal crack nucleation at the inflection points near the substrate as suggested by 

simulations: the crack is formed perpendicular to stress direction. The length of cracks 

(speculatively zig-zag edged(248)) is proportional to the length of bacteria or their chains; 

while the widths were mostly independent of the bacterial size at about 200 nm. In some 

cases, the graphene/bacteria system under vacuum did not have to be heated to form 

cracks (attributed to defects), which were always on the bacterium/substrate interface. 

With crack present, a pathway is created for volatile cellular content to escape causing 

(energetically favored) radial shrinkage of the bacterium. This induces strain on the 

interfaced graphene sheet, a resultant resistive force balancing the stress on bacterium 

cell wall to create wrinkles. 

4.3 Wrinkled MoS2 Characterization and Properties 

Transferring MoS2  thin film on a pre-stretched elastomeric substrate has been extensively 

applied to induce wrinkles in MoS2,(66, 67, 186, 250) however, because of the weak 
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adhesion of MoS2/elastomer interface (about an order of magnitude less than MoS2/SiO2 

interface), slippage between MoS2 and their elastomeric substrates limits the device 

applications.(193) The experimental investigation of the wrinkling effect on electronic 

properties based on transistor device measurements is still in its infancy. Here, we 

demonstrate that MoS2 (on SiO2 substrates) with wrinkles of different sizes can be found 

after mechanical exfoliation of MoS2 flakes. The geometric shapes of the wrinkles 

(symmetric, asymmetric, and folded) affect the magnitude of strain, and in turn, influence 

the properties of MoS2 as confirmed by Raman and photoluminescence spectra. We 

further show that by forming MoS2 wrinkles, it is possible to modify the electron band 

structures, and manipulate the transport properties and optoelectronic response.   
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Samples of wrinkled MoS2 flakes on SiO2 substrates were found after exfoliation (one in 

ten times the sheet had wrinkles), as shown in Figure 30a, Figure 31, and Figure 33. The 

adhesion between MoS2 and the SiO2 substrate can cause the separation of thin MoS2 

flakes from the bulk MoS2 in the exfoliation process.(68) During the release of the tape, 

its adhesion with MoS2 induces partial delamination of MoS2 from the substrate leading 

to the bending and wrinkling of MoS2. The interplay between the interfacial adhesion of 

SiO2 with MoS2 and the bending energy of the MoS2 flake results in a stable partially 

detached, wrinkled MoS2. It is important to note that the adhesive tape (Scotch tape) 

retains some unpeeled MoS2 and therefore has no contact with the peeled MoS2 flake. 

Therefore, there is no tape-induced electrostatic charge at the interface of MoS2 flakes. 

Figure 30. Wrinkled MoS2 on SiO2. (a) Schematic illustration of wrinkled MoS2 on SiO2 substrate. (b) Optical image 

of a wrinkled MoS2. (c) and (d) AFM characterization of the wrinkled MoS2 in (b). (e)Wrinkle’s height profile along 

the black dashed line (1-1’) in (c). (f) Thickness profile of MoS2 flake along the red dashed line (2-2’) in (d). (g) and 

(h) Raman position mapping of E1
2g mode and A1g mode, respectively. The A1g mode is less affected than the E1

2g. 

White dashed squares are wrinkled regions. The units of the scale bars in (g) and (h) are cm-1. 
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4.3.1 Optical and AFM characterization  

A typical wrinkled MoS2 film on SiO2 as observed under an optical microscope is shown 

in Figure 30b. Three-dimensional profiles of wrinkles in MoS2 obtained via atomic force 

microscope (AFM) is shown in Figure 30c and 30d. Both the height of the wrinkle (∼43 

nm with a wavelength of ∼0.8 m) and the thickness of this MoS2 film (∼10 nm) were 

measured (Figure 30e and 30f). Interestingly, in most of the cases, the wrinkles were 

stable and did not slip on SiO2. This is attributed to the relatively strong interfacial 

adhesion between MoS2 and SiO2 surface. However, in some cases (usually small area 

flakes), the wrinkles were flattened by the slipping of MoS2 (Figure 33). It is important to 

note that slipping/sliding limits the uniform uniaxial strain load on atomically thin 2D 

crystals (e.g. graphene, MoS2) in experimental bending geometries. 
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We propose that the attributes of the wrinkles can be used to calculate the adhesion 

energies () (between MoS2 and its supporting substrates) and deformation (∆=
𝐿0−𝐿𝑝

𝐿0
) via 

force and energy balance:(193)  

 𝛾 =  
𝜋4𝐸𝑡3𝐴2

6𝜆4
                                                        (26) 

𝛥 =  
3𝛾𝜆3

2𝜋2𝐸𝑡3𝐿𝑝
                                                       (27) 

 

Figure 31. Optical images of some wrinkles in MoS2.  
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Where 𝐸 is the Young’s modulus of the MoS2, 𝐴 is the amplitude and 𝜆 is the wavelength 

of the wrinkle, 𝑡 is the thickness of the thin film, and 𝐿0 and 𝐿𝑝 are the length and projected 

length of the wrinkled MoS2 on substrates, respectively. The height of the wrinkle is not 

required in the deformation calculation. 

 

  

Figure 32. Wrinkles flattening and disappearing through sliding. (a) Optical image of a wrinkled MoS2. (b) 

Same MoS2 flakes in (a) after overnight without any treatment. (c) Optical image of a wrinkled MoS2. (b) Same 

MoS2 flakes in (c) after 12 months without any treatment. Arrows indicate the positions of wrinkles in fresh wrinkled 

MoS2. 

 



98 
 
 

 

 

Figure 33. AFM characterization of wrinkles in MoS2. 
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4.3.2 Raman and PL spectra  

A wrinkle in MoS2 induces modification of its atomic structure, leading to a considerable 

change in the lattice-vibration (phonon frequency shift), which can be detected through 

Raman spectroscopy. In the wrinkled region, the two most prominent Raman peaks, E1
2g 

mode (∼384 cm-1) and A1g mode (∼405 cm-1), are red-shifted (vibrations softening) 

  

Figure 34.Raman and PL position mapping of symmetric wrinkles in MoS2 on SiO2. (a) and (b) Raman position 

mapping of E1
2g mode and A1g mode, respectively. The A1g mode is less affected than the E1

2g. White dashed 

squares are wrinkled regions. The units of the scale bars in (a) and (b) are cm-1. (c) Typical Raman spectra for 

wrinkled (red) and flat (black) MoS2. Dotted lines and dashed lines are the positions of E1
2g mode and A1g mode, 

respectively. (d) Raman position mapping difference between E1
2g mode and A1g mode (A1g - E1

2g). White dashed 

rectangle is wrinkle effected region. (e) PL energy mapping of A exciton peak. Black dashed rectangle is wrinkle 

effected region. 
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compared to the flat region as shown in Figure 30g and 30h. The A1g mode 

(corresponding to the sulfur atoms vibration along out-of-plane direction) is less sensitive 

to wrinkling than the E1
2g (sulfur and molybdenum atoms vibration in the crystal plane). 

However, in some samples, there is a negligible shift in A1g peak in the wrinkled region 

(Figure 30h). This is attributed to the existence of doping-induce red shift in flat region of 

A1g position. However, the doping effect is weaker as less doping in the wrinkled region, 

as shown later. Both theoretical and experimental results show that the shift in the Raman 

peaks linearly depends on the applied strain,(66-68) therefore, the deformation of the 

sample can be quantified through Raman spectra. The shift of E1
2g peak position for this 

wrinkle is ∼ 1.1 cm-1 as shown in Figure 30g. Plugging this into the relationship between 

strain and mode position shift,(66-68) the estimated deformation is ∼ 0.55 %. This is 

consistent with the deformation obtained from the Equation (27) (also ∼0.55%). Further, 

the shift of E1
2g peak position for this wrinkle is ∼ 2 cm-1 as shown in Figure 25. Plugging 

this into the relationship between deformation and mode position shift (2 cm-1/% 

deformation), the estimated deformation is ∼ 1%. This is consistent with the deformation 

obtained from the Equation 26, which is ∼1.11%.   
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Via the exfoliation process, we observed three different kinds of geometric shapes of 

wrinkles: symmetric (> 30 samples), asymmetric (> 10 samples) and folded (> 3 samples), 

as depicted in Figure 30e, Figure 34a to c, and Figure 25, Figure 31, and Figure 33. 

Although most samples were symmetric wrinkles, it is challenging to controllably form a 

  

Figure 35. Raman and photoluminescence (PL) characterization of different kinds of wrinkled MoS2. (a) to 

(c) Schematic illustrations of symmetric (a), asymmetric (b) and folded (c) wrinkles in MoS2. (d) to (f) Raman position 

difference between E1
2g mode and A1g mode (A1g - E1

2g) of symmetric (d), asymmetric (e) and folded (f) wrinkles in 

MoS2. White dashed rectangles are wrinkle effected regions. The scale bar is from 15 to 30 cm-1 for all three Raman 

position mappings. (g) to (i) PL A peak position mappings of A exciton peak for the symmetric (g), asymmetric (h) 

and folded sample (i) wrinkles in MoS2. The scale bar is from 1.78 to 1.88 eV for all three energy mappings. The 

black dashed rectangles are wrinkle effected regions. (j) to (l) Typical PL spectra profiles measured on flat (black 

circles) and on a wrinkled (yellow or red circles) regions. (j) The A peak of symmetric wrinkled MoS2 has an obvious 

red shift to that of flat MoS2. (k) The A peak of symmetric wrinkled MoS2 has a slight red shift to that of flat MoS2. 

(l) The A peak of folded MoS2 has same position to that of flat MoS2. 
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defined shape of a wrinkle by this method. Asymmetric and folded wrinkles were typically 

observed in thinner flakes, attributed to reduced stiffness and instability. 

The larger red-shift of the E1
2g peak than A1g peak in the wrinkled region of symmetric 

wrinkles leads to slight increase in the difference between the two peaks positions (A1g - 

E1
2g) (Figure 35d). However, in asymmetrical and folded MoS2, the difference between 

these two peak-positions remains nominally unchanged as shown in the A1g - E1
2g 

mappings (Figure 35e and 35f). This indicates that there is no obvious strain in the 

wrinkled region in asymmetrical and folded MoS2. This is attributed to stronger wrinkle-

induced strain in symmetric wrinkles than in the asymmetric or folded wrinkles, where a 

part of the bending energy is compensated by the sharp peak in the asymmetrical regions. 

Further, the Raman peaks do not change on the small wrinkles on the relatively thick 

MoS2 flakes as shown in Figure 36 and 37. This is due to the wrinkle sizes being too small 

to have obvious strain effects. 

 

 

Figure 36. Wrinkled MoS2 on SiO2 and photoluminescence spectroscopy of wrinkled MoS2. (a) Optical image 

of a MoS2 flake with several wrinkles. (b) and (c) PL energy mappings of A exciton peak of square regions in (a). 

The wrinkled induced reduction of optical band gap is clear shown in (b) and (c). And the widths of band gap 

modified regions are much larger than the wavelength of the wrinkles. 
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Figure 37. Small wrinkles in MoS2 on SiO2. (a) Optical image of a small wrinkle in MoS2. (b) AFM characterization 

image of the same wrinkled in (a). (c) and (d) Raman position mapping of E1
2g mode and A1g mode, respectively. 

 

 

Figure 38. Small wrinkles in MoS2 on SiO2. (a) Optical image of a small wrinkle in MoS2. (b) Atomic force 

microscopy characterization image of the same wrinkled in (a). (c) Height profile of along the dashed line in (b). (d) 

Raman intensity of wrinkled region in MoS2. Raman position mapping of E1
2g (e) and A1g (f). 

 



104 
 
 

Although multilayer MoS2 is an indirect bandgap semiconductor, its photoluminescence 

(PL) spectrum is determined by the direct bandgap. The indirect bandgap transition 

originating from hot luminescence (part of energy consumed by phonon vibration for 

momentum conservation)(179) only contributes to a very weak photoluminescence 

peak.(178) A pronounced redshift of PL peak in the wrinkled region exists in comparison 

to that of the flat region in the same flake as shown in Figure 35g. This indicates that the 

uniaxial strain reduces the energy of the direct bandgap transition (optical band structure 

around the K point).(66) These dissimilar shapes of the wrinkles lead to different strain 

distribution and have dissimilar photoluminescence responses. The red shift of the PL 

peak for symmetric wrinkles is much larger than that for the asymmetric and folded 

wrinkles, as shown in Figures 35g to 35i, consistent with a previous study on a decrease 

in direct bandgap with an increase in strain.(67) Although the asymmetric wrinkle (Figure 

25) shows a higher mechanical plane deformation than the symmetric one (Figure 30e), 

the red shift of the A peak (30 meV) in symmetric wrinkle is higher than that (10 meV) in 

the asymmetric one (Figure 35j, 35k). Consistent with the previous studies on thin-layer 

MoS2 films,[8] the optical bandgap reduction is about 40∼60 meV/% deformation (See 

Appendix for more details, Table VI and Figure 39). Here, the PL peak position of A 

exciton is thickness-insensitive, since K points consist of strongly localized d orbitals of 

Molybdenum atoms.[34] The PL peak position shows no change for the case of folded 

wrinkles (Figure 35l). Further, the photoluminescence-modification is localized in 

asymmetric wrinkles (4.5 m, as shown in Figure 35), however, the photoluminescence 

is modified (4 m) in a region 2-5 times larger than the symmetric wrinkle (0.8 m), as 
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shown in Figure 35g, 34, and 36. Further, the deformation of the wrinkle in Figure 30 is ∼ 

0.55 %, and the reduction of optical band gap in this wrinkle is ∼ 33.9 meV or 61 meV% 

deformation. More PL versus deformation data are shown in Figure 39. 

It should be pointed out that the shape-induced modifications of Raman spectra and the 

photoluminescence response of MoS2 wrinkles implies that the phonon softening and 

optical bandgap reduction is dominated by the strain instead of surface doping of MoS2. 

If the doping variation in MoS2 (due to partial separation from the substrate) was 

predominant towards Raman and PL responses, the symmetric and asymmetric samples 

should have behaved similarly (there is no surface-induced doping in the wrinkled regions 

of any shape of wrinkles). Note that the intensity of photoluminescence in the wrinkled 

regions is lower than the intensity on the flat regions. This is expected since the focal 

plane of the confocal laser was on the flat MoS2 surfaces (not on the wrinkles with varying 

height) and due to the Fresnel effect (less light back to detector from edges of wrinkles, 

as shown in Figure 31). The bandgap determined by photoluminescence spectroscopy 

differs from the bandgap determined by the electrical transport with the difference of the 

exciton binding energy. Recent theoretical studies have shown that the exciton binding 

energy is strain-insensitive and is of the order of 100 meV; therefore, the magnitude of 

transport bandgap is also expected to be reduced with strain.(203, 251)  
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4.3.3 Electrical characterization and device performance  

To study the effect of wrinkle-induced doping variation on the charge-carrier transport, we 

prepared wrinkled and non-wrinkled (flat) MoS2 field-effect transistors (Figure 41a to 41c). 

Only symmetric wrinkles were studied in these devices since the asymmetry and/or folds 

in wrinkles introduce extra barriers at the sharp curvature regions in comparison to the 

 

Figure 39. PL versus deformation in MoS2 flakes. 
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Figure 40. Electrical characterization experiment setup. (a) Electrodes Connection on the device. (b) and (c) 

Electrical characterization in dark and light conditions, respectively. 
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symmetric wrinkles. The wrinkles are oriented in the transverse direction to the current 

flow (current across the wrinkle). To determine the transport-barrier, the temperature 

dependence of the electrical conductivity at different gate voltages was analyzed (Figure 

41g and 41h). The conduction behavior was found to be different for high temperature 

(100 to 300 K) and low temperature (15 to 100 K) ranges. This is because that the charge 

transport is thermal activated and the transport is dominated by hopping of localized 

states (smooth temperature-dependence at low temperature region). The activation 

energy (𝐺 ∝  𝑒𝑥𝑝(
𝐸𝐴

𝑘𝑇
)) was 80 ± 13.3 meV and 18 ± 6.4 meV (at 𝑉𝐷𝑆 = 0 𝑉) for the wrinkled 

and flat MoS2 devices at high temperature regions (100 to 300 K), respectively. This 

indicates a >100 meV increase of barrier for the carriers to flow across the wrinkle (see 

Figure 41i and Figure 41j). The Schottky barrier was excluded from consideration due to 

the ohmic IDS-VDS behavior at small VDS values (Figure 41j insert). This ohmic behavior is 

attributed to doping in flat MoS2 as shown later.(252) The electrode-MoS2 junctions are 

expected to be similarly doped for wrinkled and flat devices, since the electrode-MoS2 

junctions are on flat MoS2 and far away (∼ 2 m) from the wrinkled region. It should be 

noted that the transport-barrier is minimally affected by contact resistance, which is much 

smaller than the channel resistance.(253) The higher barrier across the wrinkle is 

attributed to the local carrier-concentration redistribution due to the surface doping 

variation induced built-in potentials, as shown later. 
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Figure 41. IDS-VDS (source-drain current versus source-drain voltage) characterization and temperature 

study of wrinkled and flat MoS2 devices. (a) Schematic illustration of the wrinkled device. (b) Optical image of 

typical wrinkled and flat MoS2 devices. (c) and (d) Source-drain current (IDS) versus source-drain voltage (VDS) at 

different temperatures for wrinkled and flat MoS2 devices, respectively.  (g) and (h) Activation energy studies of 

wrinkled and flat MoS2 devices, respectively. The inserts are the typical IDS versus VDS at 15K for wrinkled and flat 

MoS2 devices, respectively.   
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The back gated field-effect mobility of these MoS2 devices can be estimated based on 

the equation:(197)  

𝜇 =
𝐿

𝑊(
𝜀𝑟𝜀0
𝐷
)𝑉𝐷𝑆

𝑑𝐼𝐷𝑆

𝑑𝑉𝐵𝐺
                                                   (28) 

Where, 𝐿 and 𝑊 are the length and width of MoS2 channel, respectively; 𝜀𝑟  is relative 

permittivity and 𝜀0 is vacuum permittivity (8.854×10−12 F·m-1), and 𝐷 is the gate-oxide 

thickness. The mobility in wrinkled part of MoS2 (estimated by two-plate model (with two 

dielectric layers in series (285 nm of SiO2 and an averaged 300 nm of air) and cylinder 

on a conducting plate model) is 1.4∼16.3 cm2V-1S-1, which is larger than the values of flat-

MoS2 devices (1.03 cm2V-1S-1) (Figure 5c and 5d in dark condition at 300K with 𝑉𝐷𝑆 = 1𝑉) 

(See the calculation details in Appendix). The higher mobility in the wrinkled MoS2 could 

be due to the suppression of electron-phonon coupling by the tensile strain (lower lattice 

scattering) and low doping concentration (reducing impurities scattering) in the 

wrinkles.(222, 254)  

 

Figure 42.Typical log(IDS)-VDS characterization (dashed lines are fitting of data).  
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Thin flakes of MoS2 in contact with SiO2 are known to electron-dope (n-dope).(87) This is 

consistent with the behavior of our MoS2 devices as shown in the carrier transport 

behavior in Figure 43a and 43b, where the electron transport is dominant over the entire 

range of gating voltage (-40 to 40 V). This n doping effect in the flat MoS2 also results in 

a higher conductivity of carriers than that of the wrinkled MoS2 devices (higher resistance 

in wrinkled devices). The wrinkled samples show an improvement in subthreshold swing 

(Figure 43c and 43d). Instead of one type of resistance (𝑅𝐹 ) in a flat-MoS2 device, 

wrinkled-
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Figure 43. IDS-VBG (source-drain current versus back gating voltage) characterization and temperature 

studies of wrinkled and flat MoS2 devices. (a) and (b) IDS in linear scale versus VBG at different temperatures for 

wrinkled and flat MoS2 devices, respectively. (c) and (d) IDS in log10 scale versus VBG at different temperatures for 

wrinkled and flat MoS2 devices, respectively. The current for wrinkled MoS2 device at 15K in voltage lower than 

12V is very small and negative (instrument error), thus, only the current in the 12 to 20 V range is shown in log10 

scale in (c). (e) Schematic side-view wrinkled MoS2 device showing the wrinkled MoS2 resistor (RwR) and two flat 

MoS2 resistors in series (RF1 and RF2). (f) Schematic illustration of wrinkled MoS2 with n-doping (white spheres) 

from substrate in the flat parts, and the wrinkled part is suspended and intrinsic. 
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MoS2 devices can be considered as having three resistances in series: 𝑅𝑊 = 𝑅𝐹1 +

𝑅𝑊𝑅 + 𝑅𝐹2, where 𝑅𝐹1and 𝑅𝐹2 are the resistance of flat regions on the left and right sides 

of the wrinkle, respectively, and 𝑅𝑊𝑅 is the resistance of the wrinkled region, as shown in 

Figure 43e. At 300K, the resistance of a flat-MoS2 device is about one-twentieth of (
𝑅𝐹

𝑅𝑊
=

1

20
) the effective resistance of the wrinkled one. The resistance can be written as: 𝑅 =

𝐿

𝑛𝑒𝜇𝐴
, 

where 𝐿 is the length of MoS2 between two electrodes, 𝑛 is the carrier concentration of 

the channel, 𝑒 is the elementary charge, 𝜇 is the mobility of the carriers, and 𝐴 is the area 

of the channel. We assume that the difference between channel areas is negligible, and 

the carrier-mobility on the wrinkled region of MoS2 is 1.4 ∼ 16.3 times larger than the 

carrier-mobility on the flat MoS2 (𝜇𝑊 ≈ 1.4 ∼ 16.3 𝜇𝐹). This yields: 
𝑅𝐹

𝑅𝑊
=

𝐿𝐹
𝑛𝐹

𝐿𝐹1
𝑛𝐹
+
𝐿𝐹2
𝑛𝐹
+

𝐿𝑊𝑅
7.5 𝑛𝑊𝑅

≈

1

20
 (with 𝑉𝐷𝑆 = 1𝑉and 𝑉𝐵𝐺 = 0𝑉 at 300K). From the experimental data, we obtained 𝐿𝐹 ≈

5 𝐿𝑊𝑅; therefore, 𝑛𝐹 ≈  134 ∼ 1564 𝑛𝑊𝑅 (see detail in Appendix The doping concentration 

in SiO2 supported MoS2 is about 𝑛𝐹 = 10
13 ,(255-259) which brings the carrier 

concentration in the suspended part of MoS2 𝑛𝑊𝑅 ≈ 6×10
9~7×1010  cm-2. Since the 

wrinkled part is suspended in the air without surface induced doping, 𝑛𝑊𝑅 is expected to 

be closed to intrinsic carrier concentration ( 𝑛𝑊𝑅 ≈ 10
10  cm-2 at 300K),(253) as 

schematically shown in Figure 43f.  
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The wrinkle-induced strain and doping variation in MoS2 significantly modify the photo-

response of the MoS2 devices. The photo-response studies were conducted on the both 

wrinkled and flat devices (Figure 44). The photocurrent was 3-fold higher than dark 

current (𝑉𝐷𝑆  = 1 V and 𝑉𝐵𝐺  = 0 V) for the flat MoS2 devices, which is consistent with 

previous photo-switching studies in similar conditions.(197) Interestingly, this photo/dark 

current ratio in wrinkled MoS2 devices was much higher (15-fold) (Figure 44a and 44b). 

 

Figure 44. Photo-response studies of wrinkled and flat MoS2 devices. (a) and (b) Photo-response 

measurements of wrinkled and flat MoS2 devices without gating at 15 K, respectively. (c) and (d) Typical source-

drain current (IDS) versus back gating voltage (VBG) at 15 K for wrinkled and flat MoS2 devices, respectively.  
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The gate-induced on/off ratio of dark current in flat MoS2 device (3 for the ±20 V range of 

back gating) was much lower than that of wrinkled MoS2 device (3500 for the ±20 V range 

of back gating) (Figures 44c and Figure 45). This is more than 1000-fold enhanced 

current-rectification. Built-in potentials (𝑉𝑏𝑖) induced by different doping levels within the 

wrinkled MoS2 (interfaced region (n-doped from the substrate) and suspended intrinsic 

regions) suppress the current under small bias (Figure 46a and 46b). However, a large 

voltage bias (𝑉𝐷𝑆 ≫ 𝑉𝑏𝑖 and 𝑉𝐵𝐺 = +20𝑉) is expected to allow electron tunneling in the 

depletion region (Zener process), which greatly enhances the flow of electron and provide 

a considerable improvement in the on/off ratio (Figure 44c). We noticed that there is 

anomalous gate modulation (change of slope) in wrinkled devices (both in light and dark 

conditions, as shown in Figure 44c and Figure 45a). This also can be seen as the 

evidence of the doping variation and barriers in wrinkled devices: at low gate voltages, 

the low chance for Zener process is the limitation factor for currant flow (small slopes in 

 

Figure 45. IDS-VBG characterization of wrinkled and flat MoS2 devices in dark condition. (a) and (b) Source-

drain current (IDS) versus back gating voltage (VDS) at 15 K for wrinkled and flat MoS2 devices, respectively. 
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the small gating voltage region in transfer curves), while the tunneling limitation is 

overcome as the carrier concentration increase at higher gating voltage (large slopes in 

the high gating voltage). Under light exposure, the wrinkled devices exhibited more than 

10-fold higher gating-induced on/off ratio than flat devices (Figure 44d and 46c). Higher 

doping density is supposed to enhance photo-responsivity,(197) however, this is not the 

case here. The increased light response for the wrinkled device in comparison to the flat 

devices is attributed to the following reasons: (a) the wrinkles induce a reduction in the 

bandgap in MoS2, which provides a wider range of band-transitions for the incident 

photons; thus enabling a wider energy-range for light absorption;(17) (b) the reduced 

optical bandgap profile generates exciton funneling (a distortion in the energy band, 

enabling photo-induced excitons to move to lower bandgap region(203)) for photo-

generated excitons with lower energy in the wrinkled MoS2 region, as shown in 

photoluminescence mapping; and (c) the potential in the depletion regions enables photo-

induced excitons to be separated and reduces the recombination probability (Figure 46). 

The fraction of unrecombined photo-generated electrons in wrinkled samples is much 

larger than that in the flat MoS2, which leads to more efficient drift of photo-generated 

electrons. Therefore, much higher photoresponsivity was exhibited by wrinkled MoS2.  



116 
 
 

 

  

 

Figure 46. Energy band diagrams of wrinkled MoS2 devices. (a) Individual flat and wrinkled MoS2; (b) device at 

no bias; and (c) wrinkled MoS2 device under bias. Blue and green spheres are electrons and holes, respectively. 

And the filled arrows are the directions of carriers’ movements direction and the unfilled arrow represents the current 

directions (IDS). 
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5. SUMMARY 

 

This dissertation providers detailed understanding of the wrinkles formation mechanism 

in thin two-dimensional nanomaterials and explains the effect of structure and strain 

engineering on the properties of graphene and MoS2. First, a hierarchical wrinkle patterns 

formation mechanism on thin metal film deposited on a liquid meniscus edge and bulk 

was described by incorporating surface energy within the typical bending, stretching, 

thermal, and gravitational energy considerations. The thermal contraction of liquid 

meniscus postdeposition caused up to five hierarchical transitions in wrinkle wavelength. 

We modified the wrinklon theory by defining a hierarchical length L = L(C) + L(T) to model 

the global wrinkle pattern with constant wavelength region (L(C)). Interestingly, the size 

of the self-similar multiscale structure as well as the penetration of surface energy can be 

estimated by the evolution of amplitude of wrinkles (L(λ) ∼ A(λ)). The theory also shows 

a model for hierarchical length as a function of wavelength of wrinkles. And, wrinkled 

MoS2 can be used to determine the adhesion energy between MoS2 and rigid substrates 

(SiO2 and Si3N4). The adhesion energies of 0.170 ± 0.033 J m–2 for MoS2 on SiO2 and 

0.252 ± 0.041 J m–2 for MoS2 on Si3N4 were obtained. The different values on these two 

substrates are attributed to the roughness of the surfaces. This method is suitable for 

wrinkles with A/t ≥ 3.4. The adhesion method and results shown here may benefit studies 

on the surface interactions, 2DN interfacial properties, and thin-film device fabrication. 

Further, we show that the bacterium scaffold can be employed to achieve selectively 

patterned, aligned, confined, and electrically anisotropic graphene wrinkles. This is 

realized by flap-valve operation of graphene, which functions as a mass-transfer diode. 
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The longitudinal (high-texture aspect ratio) graphenic wrinkles with ultrasmall wavelength 

(32–34 nm) controllably aligned between electrodes exhibit an anisotropic barrier (ΔE = 

1.69 meV). This study can be extrapolated for formation of confined wrinkles on other 

2DNs and for reduced wrinkle wavelengths via bacterial cells with a higher Young’s 

modulus (or via hygroscopic polymer patterns). The work could also evolve advances in 

cytoelectronics and 2D electronic circuitry with controlled wrinkle placement. Wrinkles in 

MoS2 thin films on SiO2 produced by mechanical exfoliation exhibit uniaxial strains and 

doping variation, which can lead to phonon softening, energy band deformations (exciton 

funneling), mobility improvement and built-in potentials to separate excitons for enhanced 

photo-responsivity. Wrinkled MoS2 FET studies at cryogenic temperatures show a larger 

barrier (𝛥𝐸𝐴=106.6 meV) in the transverse direction of the wrinkle compared to the flat 

MoS2 device. With this work, we reveal that wrinkling semiconducting 2DNMs can enable 

control of the transport properties and electronic band-structure in 2DNMs and potentially 

their heterostructures. Such capability can lead to engineering the optical transitions and 

electronic transport mechanisms in these flexible structures, which might hold promise in 

future electronics, optoelectronics, and sensors applications.  
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7. APPENDIX 

7.1 Bacteria-induced wrinkles in graphene 

Poisson’s ratio for most materials ranges between 0 and 0.5 (under a small strain, a 

perfectly incompressible material deformed elastically can be described as Poisson's ratio 

equals to 0.5). We used the semi-rigid cell wall with Poisson’s ratio value of 0.25. As the 

volume of the bacterial cell reduces, so does the surface area and the transverse diameter 

of graphene-on-bacteria. Therefore,  

𝑆 = (1 + (1 +  𝜀)3)/2(1 +  𝜀)                            (A1)  

From FESEM image analysis, 𝑆 = 2.657. The value of 𝜀 determined from the diameter 

obtained from FESEM and the height from AFM is 1.219. The experimental average 

wrinkle-wavelength from the FESEM and AFM micrographs (32.4 and 34.3 nm, 

respectively commensurate with simulations (34 nm); thus underpinning the intimate 

contact between graphene and bacteria. Combining Equation (22) and experimental 

wavelengths, we estimate the Young’s modulus of bacterial cell wall to be between  35.7 

and 42.2 MPa, consistent with other measurements (39 MPa(260)). Therefore, studying 

the wrinkling of interfaced 2DNs may be route to determine the mechanical properties of 

bacteria. Further, we calculate the average amplitude of wrinkles as 𝐴 = 𝑤𝑚𝑎𝑥 = 7.3 nm 

from Equation (22), consistent with AFM measurements (10 nm).  The maximum 

perpendicular stress (pmax) acting on graphene is 40.18 MPa. Based on AFM data:  

Average height of graphene covered bacteria before vacuum:  𝐻 = 0.279 m 

Average height of graphene covered bacteria after vacuum:  ℎ = 0.186 m 
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Average weight of wrinkles region 𝐷𝐶 = 1.1 m   

𝑅𝐶
2 = (𝑅𝐶 − 𝐷𝐶 )

2 + (
𝐷𝐶
2
)2 

𝑅𝐶 =  0.682  m 

Arcsine (
𝐷𝐶

2𝑅
) = 0.938 𝑅 

Length of curve before vacuum:   𝐿𝐶 = 2×0.938×0.682 = 1.513 m 

Average width of wrinkles region 𝐷𝑤 = 0.628 m   

Pythagorean Theorem: 𝑅𝑊
2 = (𝑅𝑊 − 𝐷𝑤 )

2 + (
𝐷𝑤 

2
)2  

𝑅𝑊 =  0.358 m 

Arcsine (
𝐷𝑤

2𝑅
) = 1.069 𝑅 

The length of the curve after vacuum:  𝐿𝑊 = 2×1.069×0.358 = 0.765 m   

The compressive strain in the graphene film along the relaxed direction: 𝜀0 

and 𝜀𝑔 = (𝐿𝐶 − 𝐿𝑤)/𝐿𝐶, as 𝐿𝐶 =  1.513 m      𝑎𝑛𝑑      𝐿𝑤 =  0.765 m         

So:  𝜀𝑔 = 0.494  

The strain of the substrate: 𝜀 

𝜀𝑔 =  𝜀/( 𝜀 + 1) 

 𝜀 =  
𝜀𝑔

1−𝜀𝑔
=  0.977     
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𝜆 is the stretch of bacteria substrate after vacuum compare to before vacuum 

So: 𝜀 =  𝜆 − 1         

Pre-stretch factor:𝑆 = 𝛬 =  
1

2
 𝜆
1

2  (1 + 𝜆
3

2) =  
1

2
 (1 + 𝜀)

1

2  (1 + (1 + 𝜀)
3

2) = 2.657 

𝐸𝑔 = 1𝑇𝑃𝑎, 𝑣𝑔 = 0.165   

Plane-strain modulus: 𝐸̅ =  𝐸/(1 − 𝑣2) 

We approximated the semi-rigid cell wall with Poisson's ratio value of 0.25. As the 

volume of the bacterial cell reduces, so does the surface area and the transverse 

diameter of graphene-on-bacteria. 

Plane-strain modulus of the graphene film:  𝐸̅𝑔 =
𝐸𝑔

1−𝑣𝑔
2 = 

1012

1−0.1652
= 1.028×1012 

t is the thickness of the graphene:  t = 0.355 nm 

We have the wavelength modulus related equation:     𝜆 = 2𝜋𝑡(
𝐸̅̅𝑔

3𝑆𝐸̅𝐵
)1/3 

𝐸𝐵 = 𝐸̅𝐵×(1 − 𝑣𝐵
2) =   (

𝜆

2𝜋𝑡
)
−3
×
𝐸̅𝑔

3𝑆
  

Since the wavelength we get from FESEM and AFM is 32.4 and 34.3 nm respectively.  

The range of 𝐸𝐵 is 35.74 t0 42.40Mpa. 

Average length of bacteria:  𝐿 = 2.478 m 

Effective wavelength of wrinkles: 𝐿 ̅ =
𝐿

3
= 0.826 m 
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We have the wavelength modulus related equation:     𝐴 =  
𝐿̅𝑡

𝜆
 (

8𝑣

3(1−𝑣)2
)1/2 

So we have: 𝐴 =  
𝐿̅̅𝑡

𝜆
 (

8𝑣

3(1−𝑣)2
)1/2 =  7.279 nm ≅ 7.3 nm  

The linearization of pre-buckling state in classical buckling analysis showed: 

D∇4𝑤 + 𝜎0𝑡∇
2𝑤 = −𝑝 

D is the bending stiffness of the plate with D = E𝑡3/[12(1 − 𝑣2)], ∇4 is the bi-harmonic 

operator, and 𝜎0 is the compressive equi-biaxial pre-stress. 

The periodic solution of this linearization and the exact solution for the normal deflection 

of the surface in classical buckling model based on von Karman plate equations gives the 

following periodic relationship: 

The maximum perpendicular stress: 𝑤 = 2𝑝/(𝐸̅𝑆𝑘) (in magnitude) and 𝑘 is wave 

number and is equal to 2𝜋/𝜆.  

At 𝑤 ≈ 𝐴 

  𝑝𝑚𝑎𝑥~ 
𝑤𝑚𝑎𝑥𝐸̅𝑆

2𝑡(
𝐸̅𝑔

3S𝐸̅𝑆
)1/3

= 
10×39×106

2×0.355×(1−0.252)×2.657×(
1.028×1012

3×4.160× 107
)1/3

=  40.18 𝑀𝑝𝑎  

Where w is the perpendicular displacement of the graphene, P is the stress component 

by the bacterial cell wall acting perpendicularly on graphene. 

The young’s modulus of the cell membrane was estimated on the order of 1000 Pa. So 

the range of wavelength of wrinkles formatted on bacterial cell wall is 2738.08 nm (at 

10000 Pa) to 5903.2 nm (at 1000 Pa). 

( 𝜆 = 2𝜋𝑡(
𝐸̅̅𝐵

3𝑆𝐸̅𝐶𝑒𝑙𝑙 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
)1/3 )  
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The wavelength on raisin: 𝜆 = 2𝜋𝑡(
𝐸̅̅𝑔

3𝐸̅𝐵
)1/3 = 2𝜋×0.1𝑚𝑚×(

30

3
)1/3 = 1.354 𝑚𝑚 

Table A1. Calculation of wrinkle wavelength form FESEM results 

Number of Peak on each line  

Line Bacteria1 Bacteria2 Bacteria3 Bacteria4 Bacteria5 Bacteria6 Bacteria7 Bacteria8 

1 22 20 17 23 17 18 16 22 

2 23 19 17 17 18 16 20 21 

3 26 19 19 24 16 17 21 25 

4 22 18 16 21 17 18 18 22 

5 22 21 17 19 16 16 16 22 

6 24 17 16 18 17 18 17 20 

7 22 22 17 23 18 18 19 19 

8 23 19 16 22 20 20 20 18 

9 21 19 19 20 20 18 19 20 

10 22 19 21 21 19 22 17 17 

11 25 19 17 19 21 17 19 18 

12 21 20 17 19 21 17 20 18 

13 24 22 18 18 21 20 22 20 
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Table A2. Average wavelength in AFM image 

14 23 18 18 17 21 18 21 20 

15 22 20 18 20 22 20 18 18 

Average 22.800 19.467 17.533 20.067 18.933 18.200 18.867 20.000 

Number of Peak Each Range 

Range/nm 

200-400 400-600 600-800 800-1000 
 

Line 1 6 6 6 4 36.364 

Line 2 5 6 6 5 36.364 

Line 3 6 6 5 5 36.364 

Line 4 7 6 6 6 32.000 

Line 5 5 6 6 6 34.783 

Line 6 7 5 6 6 33.333 

Line 7 5 6 7 5 34.783 

Line 8 7 6 6 7 30.769 
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Table A3. Wrinkles wavelength (𝜆) versus diameters of bacteria (DB) 

 

 

7.2 Wrinkled MoS2 calculation 

The mobility in flat devices: 

 

1 2 3 4 5 6 7 8 

Diameter of Bacteria (DB)/µm 0.936 0.897 0.909 0.953 0.926 0.924 0.834 1.034 

Diameter of Wrinkles (Dw)/ µm 0.652 0.621 0.661 0.621 0.603 0.593 0.566 0.710 

Dw/DB 0.696 0.692 0.727 0.652 0.652 0.642 0.678 0.687 

Wavelengths (λ/ µm ) 0.029 0.032 0.038 0.031 0.032 0.033 0.030 0.036 

 

 Figure A1. Wrinkles wavelength (𝜆) versus size of bacteria (diameters of bacteria DB).  
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𝜇𝐹 =
𝐿

𝑊 (
𝜀𝑠𝑖𝑜2𝜀0
𝐷

)𝑉𝐷𝑆

𝑑𝐼𝐷𝑆
𝑑𝑉𝐵𝐺

=
20

20 (
3.9×8.854×10−12

285×10−9
) 1
×12.466×10−9×104 

= 1.029  cm2V−1S−1 

The mobility in wrinkled MoS2: 

The resistant of flat parts (𝑅𝐹1 and 𝑅𝐹2) in wrinkled device compared to the resistance of 

flat device:  

𝑅 =
𝐿

𝑛𝑒𝜇𝐴
                                                           (29) 

Assume the flat parts of MoS2 and MoS2 in flat devices have same (𝑛, 𝜇 and 𝐴), also 

𝐿𝐹1 + 𝐿𝐹2 = 0.8 𝐿𝐹, so we have:   

𝑅𝐹1 + 𝑅𝐹2
𝑅𝐹

=
0.8

1
 

Combine the current relationship in two kinds of devices (𝐼𝐹 = 10𝐼𝑊 under 𝑉𝐷𝑆 = 1𝑉 at 

300K), so the voltage drops of wrinkled part (𝑅𝑊) is: Δ𝑉𝑊 = 𝑉𝐷𝑆 − 0.8×0.05 = 0.96𝑉; 

𝑉𝐷𝑆 = 1𝑉  

𝐼𝐹 = 𝐼0   
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We can apply different models to calculate the capacitance of the gate in the wrinkled 

MoS2 devices:  

(1) Considering the wrinkled parts as two dielectric layers in series (parallel-plate 

capacitor model : 285 nm of SiO2 and averaged 300 nm of air): 

𝜇𝑊 =
𝐿𝑊

𝑊

(

 
 1

1
𝜀𝑠𝑖𝑜2𝜀0
𝐷𝑆𝑖𝑜2

+
1

𝜀𝑎𝑖𝑟𝜀0
𝐷𝑎𝑖𝑟 )

 
 
Δ𝑉𝑊

𝑑𝐼𝐷𝑆
𝑑𝑉𝐵𝐺

=
4

20

(

  
 1

1
3.9×8.854×10−12

285×10−9

+
1

1×8.854×10−12

300×10−9 )

  
 
0.955

×16.588×10−9×104 

= 1.464 cm2V−1S−1  

So 𝜇𝑊 ≈ 1.4 𝜇𝐹  

(2) Considering the wrinkled MoS2 as a cylinder on a conducting plate:(261, 262) 

𝜇𝑊 =
2𝐿𝑊𝑊

Δ𝑉𝑊𝐶𝑔

𝑑𝐼𝐷𝑆

𝑑𝑉𝐵𝐺
                                                   (30) 

Where 𝐿𝑊 is the length of the wrinkle, and 2𝐿𝑊 is the wrinkled affect length, 𝑊 is the 

width of the channel, 𝐶𝑔 is the capacitance of the gate.  

Back gate capacitance per unit length in this cylinder on a plate model: 

𝑉𝐷𝑆 = 1𝑉  

𝐼𝑊 = 0.05𝐼0   
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𝐶𝑔

𝑊
=

2𝜋𝜀𝑜𝑥𝜀0

𝑐𝑜𝑠ℎ−1(
𝑟+ℎ

𝑟
)
                                                    (31) 

where 𝑟 is the wrinkles radius (300 nm), ℎ is the SiO2 thickness (285 nm), and 𝜀𝑜𝑥 is the 

SiO2 dielectric constant (𝜀𝑜𝑥= 3.9). 

 𝜇𝑊 =
𝐿𝑊

Δ𝑉𝑊
2𝜋𝜀𝑜𝑥𝜀0

𝑐𝑜𝑠ℎ−1(
𝑟+ℎ
𝑟 )

𝑑𝐼𝐷𝑆

𝑑𝑉𝐵𝐺
=

4×10−6

0.96×
2𝜋×3.9×8.854×10−12

𝑐𝑜𝑠ℎ−1(
300+285
285 )

×16.588×10−9×104 = 

16.741 cm2V−1S−1 = 16.741 cm2V−1S−1 

𝜇𝑊 ≈ 16.3 𝜇𝐹 

Therefore: 𝜇𝑊 ≈ (1.4 ~16.3) 𝜇𝐹 

Table A4. Photoluminescence versus deformation 

Wavelength 

(nm) 

Thickness 

(nm) 

Projection 

Length (nm) 

Deformatio

n (%) 

PL Shift 

(meV) 

PL Shift 

/Deformation 

(meV/%) 

1157 13.9 10000 0.55 33.9 61.4 

629 10.1 3620 0.63 30 47.0 

526 10.6 3620 0.32 19.1 59.1 

2082 19.8 30000 0.37 20 53.9 

385 10 998 0.54 27.8 50.8 
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2206 21 10000 1.11 47.6 42.9 

721 10.5 5788 0.37 25.8 48.2 

 

Table A5. Temperature study for activitation energy in MoS2 

T 1/kT RF RW Ln(RF) Ln(RW) 

K (eV)-1 Ω Ω 

  

15 773.6348343 989728.2641 12454700000 14.85650492 23.2453639 

60 193.4087086 453025.3623 -- 13.75627543 -- 

100 116.0452251 285250.6702 1559388100 13.19497065 21.16755934 

150 77.36348343 220696.3506 109318000 12.81717505 18.50977162 

200 58.02261257 180294.8917 37743500 12.46423667 17.44632383 

250 46.41809006 145240.1696 8082200 12.09480529 15.90517467 

300 38.68174172 114055.0526 2224000 11.70528729 14.61481793 
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