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ABSTRACT 

 

Mechanical Characterizations of Two-Dimensional Materials 

by 

Peng Zhang 

 

 

Two-dimensional materials such as graphene and molybdenum disulfide have shown great 

potential in thermal, electrical and mechanical applications, so deeper understandings in their 

mechanical behaviors are of great significance. Here, a dry transfer method was introduced to 

transfer graphene synthesized by chemical vapor deposition. Quantitative in situ tensile testing of 

suspended graphene was carried out using a combination of a quantitative in-SEM nanoindenter 

and a micromechanical device. Pre-cracks with varying sizes were introduced to different 

graphene samples and the Griffith theory was proved to work well on grephene. The fracture 

toughness and critical strain energy release rate were then characterized based on experimental 

results. The dry transfer technique was successfully employed to transfer molybdenum disulfide, 

which proved its applicability to mechanical characterization of other two-dimensional materials.  

In addition, some preliminary results of friction measurements on CVD-synthesized MoS2 were 

obtained, which can give a basic idea of its frictional properties. 
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Chapter 1 Introduction 

 

Two-dimensional (2D) materials are promising for applications in next generation of 

nanoelectronic devices benefiting from the diversity in this big family. The tunable properties of 

some materials make it possible for engineering their attributes according to different 

requirements. Moreover, compared to one-dimensional materials, it’s relatively easier to 

fabricate complex structures from 2D materials. Researches on this family have driven some 

ideas to reality with the developments of advanced synthesis methods. As for potential use of 

these materials in electronic devices, researches on mechanical properties are as important as 

engineering the electronic properties in concerns of the durability and performance of these 

devices. Hence, a good and full understanding from the mechanical side is of great importance 

and could significantly impact related researches and applications such as flexible electronics. 

 

As a representative, grephene 
1
 has been a superstar since its discovery and has become the most 

widely studied two-dimensional material in the last decade including lots of efforts to fabricate 

electronic devices. It’s believed to be a promising candidate in many thermal and electrical 

applications benefiting from its ultrahigh thermal and electrical conductivity 
2, 3

. Meanwhile, 

predicted as one of the strongest materials 
4
, graphene’s potentials as strengthening components 

in composites and for other Micro- or Nano-mechanical system applications have attracted great 

attention as well 
5-7

.  
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Theoretical studies of mechanical properties of graphene employing molecular dynamics 

calculations have provided very useful insights into fracture mechanism and strength of both 

perfect and defective lattice 
8-12

.  It was shown that graphene is the strongest material ever 

reported but the appearance of minor vacancies can lead to big drop of graphene’s mechanical 

behaviors. On the other hand experimental results, although sparse, have started to emerge and 

provide critical verification and validations to theoretical predictions. 

 

Of special significance is the experimental research on graphene’s mechanical behavior by AFM 

indentation. Lee et al. transferred graphene monolayer from mechanical cleavage to a substrate 

with patterned wells (Fig. 1) and revealed the Young’s modulus and intrinsic strength of defect-

free graphene as 1 TPa and 130 GPa respectively by using AFM nanoindentation 
13

. This is a 

good validation of graphene’s excellent mechanical properties in an experimental method. 

 

Figure 1 Exfoliated graphene indented by an AFM tip 
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Meanwhile mechanical characterization of CVD-grown graphene has been very attracting 

because of the synthesis advantage of CVD. The possibility of quantity production has made it 

highly potential for applications in flexible electronics. But one limitation of this kind of sample 

is the existence of intrinsic defects such as grain boundaries and vacancies. Lee et al. 

investigated the influence of grain boundaries on graphene’s mechanical behaviors by 

transferring CVD-grown graphene onto patterned wells (Fig. 2) with the same AFM indentation 

method. The conclusion is that the elastic stiffness of CVD-graphene is almost identical to that of 

pristine graphene and the strength is only slightly reduced despite the existence of grain 

boundaries 
33

. These results match well with existing research on polycrystalline graphene and 

are of great importance for the potential applications of CVD-graphene. 

 

Figure 2 Testing of CVD-graphene by AFM indentation  
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In recent years some different types of 2D materials such as transition metal iodides and 

chalcogenides have become a new topic for researchers and some of them have unique or 

complementary electrical properties. For example, pristine graphene doesn’t have a bandgap, 

which limits its application in transistors. Molybdenum disulfide (MoS2), on the other side, has a 

large intrinsic bandgap but at the same time its low conductivity is a drawback for some 

applications. 

 

MoS2 as a representative of transition metal chalcogenides has become another hot material 

because of its unique attributes. Being a semiconductor with a direct bandgap in the range of 1.2-

1.8 eV 
34

, it is considered to be a more promising candidate regarding to some potential 

applications in electronics compared to graphene 
35

. For example, its tunable bandgap and high 

on/off ratio has made it a better candidate for semiconductor applications. Benefiting from the 

big efforts that have been made on graphene, a lot of experimental methods can be adopted to 

further explore different aspects of MoS2.  

 

Similar to other layered-structure materials, MoS2 can be prepared by a standard mechanical 

cleavage method with perfect structure. Meanwhile for the demanding of large production, CVD 

has shown its advantages because of a standard and highly repeatable recipe. Different technical 

routes such as the solid phase sulphurization of molybdenum thin films revealed a 

straightforward method for large-area MoS2 synthesis 
36

. More surprisingly, Sina et al has made 

big improvements on CVD synthesis of MoS2 recently. It was demonstrated that single crystal 

domains can be grown in the size of more than ten microns with uniform thickness. Nucleation 
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sites can also be controlled by patterning the substrate to get different sample morphologies 
37

. 

The high-quality and mass production of samples can facilitate fabrication and applications of 

MoS2 based electronic devices 
38

.  

 

Some papers, although sparse, reported experimental results of mechanical testing on MoS2. For 

instance, a quite similar method as introduced earlier on graphene was used to do mechanical 

testing on monolayer MoS2 (Fig. 3). The sample was exfoliated mechanically from bulk MoS2 

and then transferred onto an array of patterned wells. AFM indentation gave the basic 

information of its mechanical properties. The effective Young’s modulus is 270  100 GPa, 

which is comparable to that of steel. The breaking stress is measured to be around 23 GPa. These 

results indicated this monolayer material could be suitable for some applications such as 

reinforcing elements in composites and for fabrication of flexible electronics 
14

. 
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Figure 3 Mechanical testing of MoS2 by AFM indentation  

 

Given the exciting results that have been obtained by AFM indentation on both graphene and 

MoS2, there are some aspects in this method that could be improved by other options. Noticing 

that the stress field brought by the AFM tip is very complicated, a special model is needed to 

simulate the stress distribution and finally deduce the breaking stress and strain. In this concern, 

a more straightforward way for tensile testing which can serve as a general method for 2D 

materials is expected.  

 

A well-established method has been widely used in the group for uniaxial tensile testing of 

nanomaterials 
25

 based on a micromechanical device and a nanoindenter. The micromechanical 

device, with a suspended Si layer acting as a platform for in situ mechanical test (Fig 4) was 
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fabricated using standard photolithography techniques 
16

 (Details introduced in the appendix). 

The ‘push-pull’ design of this device converts the motion of the top shuttle into linear separation 

of the sample stage though symmetric design of inclined beams. The nanoindenter here acts as a 

device actuator, and a force and displacement sensor at the same time 
24

. By using a simple 

response subtraction method and image correlation techniques, sample elongation and load 

applied to the sample can be easily derived from the load and displacement data of the 

nanoindenter 
23

.  The whole process of testing was closely monitored by real time SEM imaging 

and has been applied to uniaxial tensile testing of nanowires decently.  

 

Figure 4 The micromechanical device for uniaxial tensile testing 

 

Nanowires such as Ag or Cu wires with several microns in length can be easily picked up by a 

micromanipulator and fixed on the sample stages by glue. The transferring process was realized 

under an optical microscope, but when it comes to 2D materials grown on some substrate it is 
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pretty challenging to apply the same means because these ultrathin materials usually attach well 

to substrates and can be easily broken or scrolled during transfer.  

 

Though the classic transfer method with spin-coated PMMA as a supporting layer 
17, 18

 has been 

widely used for CVD-grown graphene, it’s unavoidable for the substrate to contact liquid in this 

procedure especially during the process of picking up and rinsing the sample. However, 

considering the suspended Si working layer of the device, liquid can be stuck underneath and the 

device will be destroyed. Noticing the existing resources in the lab and the accompanying 

limitations, a ‘dry transfer method’ for graphene is expected particularly for mechanical testing 

of graphene based on the micromechanical devices. 

 

In the coming part quantitative in situ uniaxial tensile testing of CVD-synthesized graphene was 

carried out and the Griffith theory is employed to interpret the relationship between the crack 

size and critical tensile stress applied to the sample. Accordingly the fracture toughness and 

critical strain energy release rate were calculated. The dry transfer method used for graphene was 

also applied to MoS2 synthesized by CVD, which makes it possible for mechanical testing in the 

future.  

 

Bulk MoS2 has been a well-known solid-phase lubricant because of the weak interactions 

between different layers. Its tribological behaviors are of great importance as well for device 

integration progress in nanoscale because of the adhesion and friction forces that might be 
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involved. A lot of similar explorations on carbon materials such as graphene nanoribbons 
39

 have 

been made, which provide good experimental references for MoS2. Among those work AFM is a 

common tool and has already been used for friction measurements of MoS2 nanotubes as well 
40

. 

Some preliminary results of friction measurements on CVD-synthesized MoS2 were obtained by 

AFM and included in the last part of this thesis.  
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Chapter 2 Quantitative in situ tensile 

testing of suspended graphene 

 

2.1 Experimental methods 

 

2.1.1 Synthesis of graphene  

Graphene was synthesized by CVD based on a regular setup. Copper foil was used for growth 

substrate and CH4 was used as precursor. The temperature is initially raised to 1000 ℃ in 15 

mins in H2/Ar atmosphere and then maintained constant during growth. The copper foil is 

annealed for 20 minutes before the precursor gas (CH4) is turned on for graphene growth for 8 

mins at 4 sccm. The whole process was kept under low pressure around 1 torr controlled by a 

rotary pump.  

After growth the sample was firstly transferred on SiO2 substrate to pre-check the quality (Fig. 5). 

A thin PMMA (Poly (methyl methacrylate)) layer was spin-coated to support graphene during 

etching of Cu. Then acetone and IPA were used to dissolve PMMA and rinse the sample. Both 

SEM and Raman Spectroscopy were used to make sure the sample was continuous before next 

procedure. 
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Figure 5 Graphene transferred on SiO2 substrate for pre-check 

 

2.1.2 Dry transfer of graphene 

For the objective of in situ uniaxial tensile testing of graphene, the sample was transferred by a 

dry transfer method considering the working conditions of the devices introduced earlier. A 

practical dry transfer method of graphene has recently been established and CVD-grown 

graphene could be successfully transferred to arbitrary substrates 
19

. However, in this particular 

case another challenge was posed coming to the small working area of the devices, which means 

there’s no flat surface in large area for graphene to be transferred onto 
19

. Therefore, an 

alternative ‘Dry Transfer’ method has been developed in this report, where pieces of graphene 

were easily transferred onto our micromechanical devices, which paved a way to direct tensile 

testing of graphene experimentally.  
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Graphene synthesized by CVD on copper foil was firstly coated by PMMA and attached to a 

Polydimethylsiloxane (PDMS) block with an open window slightly larger than the device in the 

center by natural adhesion (Fig 6(a, a’)). Then the copper foil was etched in FeCl3 solution for 

around two hours. The PDMS/PMMA/graphene block could be easily picked up from the etchant 

(FeCl3) after the copper was etched away and transferred on the device after drying (Fig 6(b)). 

This PDMS block introduced here worked as a supporting agent with excellent flexibility and 

adhesion. Its thickness is around 1 mm and could be easily tuned by changing the sample mass 

before curing. At this stage the whole device was covered with the PMMA/graphene hybrid film 

in the center window of the PDMS block without contacting any liquid. After that the sample 

was heated up to 160 ℃ for 1h, which enabled the PMMA/graphene film to adhere to the 

suspended Si layer of the device smoothly and tightly. The device together with the hybrid film 

was then picked up from the center window by using one pair of tweezers meticulously (Fig 6(b, 

b’, c)).  

 

The thickness of PDMS blocks has an ideal value around 2 mm and was prepared in a clean Petri 

dish. After peeling off from the dish it has a very flat surface, which makes it easy to be attached 

to the copper foil. Bigger thickness makes it less flexible and smaller thickness renders it not 

strong enough to work as a scaffold.  
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Figure 6 Schematic illustration of the dry transfer method. The two green arrows in (b) show the position where 

the device was picked up together with graphene/PMMA by tweezers. Picture (a’) and (b’) are corresponding 

pictures to (a) and (b), respectively. 

 

What needs to be particularly mentioned is that the device will be all covered by 

PMMA/graphene film and because of heating the film is flattened and attaches quite well to the 

device (Fig 7). But one issue is that after annealing there will be a lot of excess parts that might 

affect the working parameters of the device. So before testing additional work was applied to 

remove all the useless parts to remove unexpected influence.  
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Figure 7 Graphene transferred on the device with a dry method before annealing 

 

The annealing was conducted in H2/Ar atmosphere at around 360 Celsius. A pump was used to 

keep relatively low chamber pressure in the furnace. This whole process lasted around 2h and 

could decompose PMMA covered on graphene. Annealing conditions may vary according to the 

actual thickness of PMMA. A suspended film of graphene was obtained across the sample stage 

of the device (Fig 8(a), Fig 9(d)).  

 

2.1.3 In-situ Tensile Testing 

Uniaxial tensile tests of graphene were conducted within a FEI Quanta 400 SEM chamber 

equipped with an in SEM indenter (AGILENT Technologies, Oak Ridge, Tennessee) system. 

The design of the micromechanical device converted the compression from the indenter on the 

top shuttle to the uniaxial stretch of the sample 
16

. Focused ion beam (FIB) was used to cut the 

samples into rectangular shape and remove all the excess parts. One issue that needs special 
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attention is since the critical stress applied to break the samples is supposed to be much smaller 

than graphene’s theoretical strength because of stress concentration at the pre-crack tip, no extra 

fixing is needed except for the natural adhesion between the sample and stage.  

 

To make the testing reliable, unloading and reloading process might be needed. In addition, the 

stiffness of the microdevice after failure of samples should be compared to the initial stiffness of 

the void device. These two values should be roughly the same so excess influence can be 

excluded. Particles and other impurities could be introduced during the transfer and might make 

the device stuck, which will change its stiffness. Hence, careful inspection is necessary when 

selecting and processing data.  
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2.2 Results and discussion 

 

2.2.1 Morphology of graphene 

Scanning electron microscope (SEM) and transmission electron microscope (TEM) were used to 

characterize the morphology of graphene on the sample stage. From the SEM pictures, different 

shapes such as membranes in large area (Fig 8(a)) and narrow bands with a few microns in width 

(Fig 8(a) inset) were observed. Also, ripples at small scales were seen in some samples which 

were observed in others’ work as well 
20

. As mentioned in the dry-transfer method, unlike 

graphene’s classic transfer to flat substrates such as SiO2-coated silicon wafer, suspended 

samples with much less contact area with the micro devices were required for mechanical testing. 

This particular requirement made the morphologies of graphene transferred more randomly 

created. Therefore when it comes to actual mechanical testing of the samples, additional 

precautions were adopted. Based on the SEM pictures, suspended graphene with relatively flat 

and clean surface was marked and cut into regular rectangular shape by focused ion beam (FIB) 

for in situ tensile testing. 
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Figure 8 (a) SEM images showing suspended graphene prepared by dry-transfer method. (b) TEM image showing 

the morphologies of suspended graphene with discontinuous polymer residue. Inset in (b) is corresponding FFT 

diffraction patterns of this polycrystalline graphene. (c, d) TEM and Raman characterizations confirm the samples 

are mainly bilayer, and monolayer is occasionally observed. 

 

From the TEM images of the suspended graphene, PMMA residue can be found in some cases 

(Fig 8(b)), which is hard to avoid even for the more established transfer method using acetone as 

solvent 
21

. Fortunately, these disconnected polymer stripes would not bring additional effects to 

the observed mechanical properties of graphene. PMMA is well known as a soft polymer, which 

is not supposed to have much influence on the mechanical properties of strong and brittle 

graphene 
22

. This assumption is further proved by the near linear stress-stain curves from tensile 
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testing shown later. FFT diffraction patterns (Fig 8(b) inset) demonstrates that the graphene used 

is polycrystalline, in spite of some rings from the polymer residual.  

 

Pre-checking of the samples under tests indicates mainly bilayer graphene, though monolayer 

graphene is occasionally observed, as shown in the TEM images of graphene edges (Fig 8(c, d)), 

which is further confirmed by the Raman spectra as insets in Fig 8(c, d). For bi-layer and 

monolayer graphene, the ratio of 2D/G is ~ 1 and > 3 respectively. The spacing between 

graphene layers is estimated to be ~ 0.34 nm.  

 

2.2.2 Uniaxial tensile testing 

With the successful dry transfer of graphene, quantitative in situ tensile testing was performed 

using a well-established method 
25

 based on the micromechanical device and a nanoindenter, and 

was closely monitored by real time SEM imaging. By using a simple response subtraction 

method and image correlation techniques, sample elongation and load applied to the sample can 

be easily derived from the load and displacement data of the nanoindenter 
23

. 

  

As mentioned earlier, FIB was introduced to cut the sample into rectangular shape with relatively 

high quality. Limited by the transfer process mentioned earlier consisting of several tricky steps, 

natural cracks were observed in some samples. This could also be accounted for by the relatively 

low quality of CVD-synthesized graphene compared to mechanical exfoliated samples. More 

conspicuously, the tested samples generally failed in a brittle manner with big variations in 
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breaking stress, which inspired the exploration in applicability of the Griffith theory (GT) on 

graphene. Theoretical calculations and simulations have already presented evidence revealing 

that graphene is a strong but brittle material at room temperature 
22

. Thus from this prospective, 

artificial cracks with less than 10% of the sample width (Fig 9(a)) were introduced by FIB on 

samples without visible pre-created cracks to meet the sample geometry in GT as close as 

possible for follow-up mechanical testing. In this way the artificial cracks became the dominant 

defects over those natural cracks that could not be observed under SEM. 

 

 Figure 9 (a, b) SEM images showing graphene on the sample stage before and after tensile test. The pre-crack in 

the middle (circled in (a)) was cut by FIB. (c) Representative engineering stress versus strain curves of the 
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graphene samples. (d) SEM image showing the in-situ tensile test using the mircodevice. Motion of the 

nanoindenter tip (shown by the block arrow) was converted into pure tension of the sample on the sample stage by 

the inclined beams. Inset is the partial enlarged picture of the rectangular region showing graphene across the 

sample stage gap. 

 

Shown in the SEM snapshots of the sample before and after fracture happened (Fig 9(a, b)), 

crack grew and cut through the sample along the width in a flash during the loading process. 

Raw data of force and displacement of the indenter was recorded at the same time. After the 

sample’s failure, spring constant of the device went back to the initial value of as-fabricated ones, 

which means the pretreatment of samples by FIB has eliminated the access influence on the 

device’s working parameters.  

 

Representative engineering stress-strain curves before sample failure are shown in Fig 9(c) and 

the approximate linearity shows the brittle behavior of graphene during this uniaxial tensile 

testing. As is concerned in the TEM images, PMMA residue is proved not a considerable factor 

on testing of graphene.  

 

A well-known relationship called Griffith theory (Equation (1)) was derived based on the 

competition between released elastic energy and increased surface energy during crack 

propagation. It shows the critical breaking stress    is governed by pre-crack size    on the 

sample, which equals to half of the crack length in Griffith geometry, rather than the intrinsic 

breaking stress of atomic bonds 
15

. It was initially from the mechanics research on glass, which is 
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brittle at room temperature. The product on the left of equation (1) is a constant only decided by 

the surface energy    and Young’s modulus   of the sample, which has been used on brittle 

materials decently for decades. 

  √   √
   

 
  (1) 

Corresponding data of suspended graphene were obtained experimentally from several valid tests 

(Table 1). As mentioned earlier, graphene used here is mainly bilayer according to the TEM and 

Raman characterization, though monolayer sample is observed as well. Therefore, a thickness of 

0.68 nm for bilayer graphene, which is close to measurements from other methods 
26-28

, was 

divided to obtain the corresponding 3D breaking stress. The product   √    ranges from 1.73 to 

2.78 and distributes evenly around an average value of 2.249 (Unit MPa   √ ), with a standard 

deviation of 0.35, as shown in Table.1. These results indicate that the measured   √    can be 

approximately considered as a constant, by noting the difficulties and accordingly uncertainties 

associated with sample preparation, transfer, and quantitative nanomechanical testing of 

atomically thin films. Hence, these experiments provide a direct proof that the Griffith theory of 

brittle fracture is applicable to graphene. Young’s moduli derived from the stress-strain curves 

(Fig 9(c)) distribute in a range of 750-1000 GPa, with small deviations from existing simulations 

and experimental measurements revealing a magnitude of 1TPa 
12

.  

 

Considering the limited accuracy of image correlation technique, which was used to characterize 

the strain of the samples, the strain in stress-strain curves of this work might be not as reliable as 

stress. In this concern a Young’s modulus E=1 TPa is cited from literature. A surface energy (or 
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edge energy) value    is offered as 15.89 J/m
2
 in our work, while theoretical calculations 

demonstrated various values of graphene’s edge energy    ranging from 9.8 to 14.44 J/m
2
 

depending on which method is adopted 
30, 31

. Of particular note is that those tested samples might 

not always be bilayer and this is extremely hard to verify one by one considering the difficulty in 

AFM and TEM characterization of the suspended samples on our devices. So as a reference the 

surface energy will go up to 63.56 J/m
2
 for calculations by adopting 0.34 nm for monolayer 

graphene. This error brought by the uncertainty of sample thickness is significant but not 

dominant in this work. 

 

From another perspective, the surface energy    on the right side of Equation (1) could be 

replaced by the fracture toughness Γ, or the critical elastic energy release rate, when surface 

energy is not the only consideration during fracture. With regard to applications, fracture 

toughness is a more valuable value because samples with defects are very common but synthesis 

of perfect samples is challenging. The same thing happened that the critical elastic energy release 

rate was calculated to be 10.8-16.31 J/m
2
 based on different simulation methods 

29, 30
 and these 

larger numbers are attributed to lattice trapping, which accounts for the extra resistance besides 

surface energy increase.  

 

In general, the experimental value of graphene’s surface energy deduced here, even a little larger, 

is still pretty close to results from theoretical work. Considering other sorts of energies may be 

involved, such as the existence of intrinsic microscopic roughening in suspended graphene 
32

, 

which was not taken into account in simulations but might be involved in experiments, this error 
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bar ~2 J/m
2
 is reasonable. Moreover, potential factors like lattice trapping may also contribute to 

this larger energy. Then the surface energy    referred earlier (15.89 J/m
2
) should be restated as 

fracture toughness Γ in a more integrated sense. Correspondingly, a stress intensity factor value 

    was characterized as 4.0, with a standard deviation of 0.6 (Unit MPa   √ ).  To date this is 

the first time that the fracture toughness and stress intensity factor of graphene are characterized 

from an experimental perspective. 

Table 1 Experimental data of crack size and critical breaking stress of graphene.    is half of the real crack length in 

Griffith geometry. Cracks on sample (1, 3) were introduced by FIB.  

Sample 

No. 

Crack Size 𝒂  

(nm) 

Breaking Stress 𝛔𝐜 

(GPa) 

𝛔𝐜√𝒂  

(MPa√ ) 

Stress Intensity Factor 

   (MPa√ ) 

1 33 7.89 1.73 3.1 

2 438 2.93 2.34 4.1 

3 518 2.38 2.06 3.7 

4 600 2.98 2.78 4.9 

5 1256 1.73 2.34 4.1 

 Average 2.25 4.0 

 Standard Deviation 0.35 0.6 
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2.2.3 The application of  dry transfer on MoS2 

As discussed earlier the dry transfer method offers a promising method for uniaxial tensile 

testing for other two-dimensional materials. Efforts were made on adopting this method to 

molybdenum disulfide (MoS2) which could be grown in the lab. Since the gap for testing 

suspended samples on the device is around 3μm, which is larger than a lot of single crystalline 

MoS2 domains, it’s easier to start from the MoS2 film. Even though it might have a lot of defects 

inside, these samples can give a good perspective on how the dry transfer method works for 

MoS2. 

 

The technical route for MoS2 synthesis is a regular CVD method, using MoO3 and S as reactants. 

The set-up and reaction parameters will be introduced in Part II. SEM images show its rough 

surface morphology with a lot of observable edges (Fig 10), indicating that it’s composed of a lot 

of domains linking to each other. Obviously it’s not as uniform and continuous as graphene, 

which brings a lot of difficulties for transferring. But the domains, which usually have a size of 

about ten microns, are already big enough to step over the gap between the sample stages of the 

microdevice. Hence there’s a big chance that on island can sit on the gap and makes it possible 

for preparing suspended film.  Some extra work like marking the samples might be necessary if 

MoS2 does not expend to the whole substrate because this can maximize the chance that MoS2 is 

successfully transferred. 
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Figure 10 A SEM image of MoS2 film transferred on SiO2 substrate 

 

The dry transfer technique introduced earlier was employed to transfer of MoS2 and it was 

proved to work well for this different 2D material. One major difference from transfer of 

graphene is due to the substrate that MoS2 is grows on. Since MoS2 is grown on silicon wafer 

with a SiO2 layer, the substrate is not flexible as copper foil and is much harder to be cut into 

small pieces. But the PDMS block can still be attached to the substrate very well, which makes it 

possible to get a suspended film over the window of the PDMS block. Potassium Hydroxide 

(KOH) solution was used as etchant to detach MoS2 and the substrate. Etching here is relatively 

slower than etching copper substrate and it’s better to leave it at a high temperature at around 70 

degree Celsius. The same procedures were followed to get suspended MoS2 film on the devices. 
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Both SEM and TEM were used to check the quality of suspended MoS2. It can be easily 

observed that the MoS2 film is not as continuous as graphene and some domains step over the 

gap of the device (Fig 11). Some organic residue is visible, which is similar to the condition on 

suspended graphene sample. 

 

Figure 11 A SEM image of suspended MoS2 on the microdevice 

 

To verify how well the PMMA is burned, or how clean the sample is, TEM images were taken in 

situ on the sample stage (Fig 12). The high transparency of the film proves that annealing is an 

effective method to get rid of PMMA, which is crucial for the reliability of future mechanical 

testing. Similarly, nature cracks were introduced during the transfer, so testing of selective areas 

may be necessary. The dry transfer of MoS2 not only paves a way for mechanical testing of this 

novel 2D material, but also proves that this dry transfer technique can offer a universal and 

promising method for tensile testing of other 2D materials.  
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Figure 12 TEM images showing the quality of suspended MoS2 
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Chapter 3 Friction testing of MoS2 

 

3.1 Experimental Methods 

 

3.1.1 Synthesis of MoS2  

The samples used for device fabrication was prepared by a CVD method using MoO3 

nanoribbons (Fig. 13 (a)) and S as reactants. Silicon wafer was used as substrate for deposition. 

MoO3 was prepared through a standard hydrothermal method and works as molybdenum source 

in this reaction. Sulfur evaporates at around 550 ℃ and is believed to react with MoO3-x in vapor 

phase at the middle of the furnace with a temperature in the range of 800-850 ℃ (Fig. 13 (b, c)). 

All the experimental details can be referred to earlier published results by Sina Najmaei, et al 
37

. 

 

Figure 13 CVD Synthesis of MoS2 single-crystal domains. (a) SEM image of MoO3 nanoribbons. (b) Sketch of 

the CVD set-up. (c) Schematic drawing showing the reaction process. 
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The as-grown MoS2 samples have different morphologies depending on what growth parameters 

are used. Usually it tends to nucleate and grow around existing particles or edges because of the 

lower energy at those locations. At relatively higher chamber pressure (40 Psi) it tends to grow 

into single-crystal domains with shapes like triangles or polygons (Fig 14), while at lower 

pressure (lower than 20 Psi) it tends to grow into continuous film.  

 

Figure 14 A SEM image of single-crystal MoS2 islands with different shapes grown on silicon substrate 

 

Because the initial purpose is to explore the frictional properties of single-crystalline MoS2, 

triangular single crystal islands were chosen to conduct friction measurements by AFM. Before 

the actual scanning, optical microscope was needed for finding ideal triangles and marking their 

locations. 
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3.1.2 Introduction of AFM 

An AFM was used to do atomic force microscope on MoS2. The sharp AFM tip made of silicon 

at the end of a cantilever has both deflection and lateral deformation when scanning over 

samples. Its deformation causes the change of reflected laser over its back and therefore was 

transferred into electronic signals by a position sensitive photodetector (PSPD). Both of the 

morphology and friction over the samples could then be deducted and corresponding images are 

drawn. Specifically, vertical deflection records the pressing force and lateral deflection records 

the friction force between the tip and the sample surface.  

 

Basic AFM scan can give information such as the surface morphology (Fig. 15) and sample 

thickness and it’s the most common function of AFM. The undulating surface of the sample is 

well recorded and sample thickness can be calculated based on the sample profile. Fig 14 shows 

the morphology of a MoS2 triangle including the edges and the nucleation center. A line is drawn 

on the edge of the sample so the sample thickness can be roughly told by the height change. The 

accuracy of this measurement depends on how well the sample is attached on the substrate and 

what the roughness of the substrate is. For characterizations of single-layer thickness with high 

accuracy the best way is to find samples with different numbers of layers and calculate the actual 

number by comparing the contrasts. Direct measurements might not be accurate enough. For 

instance, the triangle in Fig. 15 is supposed to be single layer, but the thickness of 1.9 nm is 

much larger than the actual value.  
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Figure 15 AFM image showing the morphology of a single-crystal MoS2 triangle 

When it comes to friction measurements, a script was used to change the deflection force 

automatically during the scan to get corresponding lateral force measurements. The scan area 

which could be as small as 10nm * 10nm will be divided into different blocks (Fig. 16). In each 

block the deflection force from the AFM tip is a constant, while this force changes evenly 

between different blocks. An average value of friction coefficient within each block can be 

obtained and an ultimate average value of friction coefficient from all the domains gives a more 

accurate result. The magnitude of friction force is reflected by the difference between two 

corresponding scans from the left and the right direction and so it’s not merely expressed by the 

color in the scan map. 
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Figure 16 Friction scanning on MoS2. The scan size is 100 nm * 100 nm. 

 

Especially noted is that the initial signals collected are electrical signal instead of the real 

pressing and friction force. By transferring the vertical and lateral deflection signals into real 

force, the spring constants of the AFM tip in both directions are needed and these constants are 

actually unique for a specific tip. So calibrations are needed before real friction testing. 

Calibration methods based on different models have been established over time and the basic 

mechanism of these calibrations in this work can be roughly explained based on two special 

models. 

 

To calibrate the lateral force constant, we use the method developed by Brown University. A 

sheet of highly ordered pyrolytic graphite (HOPG) floats on aligned NdFeB magnets due to the 
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magnetic force (Fig. 17) and works as a specimen. The basic scanning method is then used and 

the scan size can be 10 μm * 10 μm or 20 μm * 20 μm. Because of the lateral spring 

displacement during scanning, the specimen has a relative motion around its equilibrium state, 

which leads to the torsion of the cantilever. Lateral PSPD output and travel distance can then be 

collected in this process 
41

. During this whole scanning, the AFM tip sticks to the HOPG sheet 

and moves together with it. No sliding is allowed for an effective set of data. Unavoidably 

sliding happens sometimes because of humidity and other factors. Larger value of force setpoint 

might be needed to avoid sliding. The equation that involves the mass of HOPG, PSPD output 

and some constants has been deducted to calculate lateral force constant. Only part of data 

collected during the scan cycles in the horizontal direction are needed so it’s unnecessary to 

finish the whole scan.  

 

Figure 17 A schematic diagram showing the calibration of lateral force constant 
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The data processing relies on a set of equations: 

 2

nk m  (2) 

 /K k x  (3)  

In equation (3) K is the lateral force constant and x  is the slope in the figure of PSPD output (V) 

versus distance (nm) (Fig. 18). x  is taken as the average value of several scan cycles and the 

PSPD data used are usually taken from friction data sets in both scanning directions. k is firstly 

calculated by equation (2) and then employed to equation (3). m is the actual mass of the HOPG 

sheet and 
n  is a known value as 32. Based on this set of equations, K is obtained as the lateral 

force constant. 

   

Figure 18 PSPD output (V) versus travel distance (nm)  
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In contrast, the force constant in the vertical direction is calibrated by a cantilever array with 

known spring constants. But the motion of the tip in this case is vertical (Fig.19). The cantilevers 

and tip push against each other and in this way the PSPD output and deflections are collected. 

The vertical force constant can be calculated according to these data and the known spring 

constants of the cantilever array. Data processing relies on existing MATLAB code, which can 

be realized more easily compared to the calibration of lateral force constant. The details of this 

model will not be introduced here and can be referred to the paper by M. Tortonese and M. Kirk 

42
. 

 

Figure 19 A schematic diagram showing the calibration of force constant in vertical direction. The arrows indicate 

the motion of the tip during calibration. 

 

3.1.3 Preliminary results of friction measurements 

Some electronic devices were fabricated by depositing a layer of gold stripes on MoS2 domains 

as conducting channels (Fig 20). The purpose is to explore the frictional properties and potential 

effect of gating on friction of MoS2 single-crystal islands. This fabrication was realized by a 

standard photolithography technique. 
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Wires were bonded on both the gold layer in the front and the silicon substrate in the back and 

gating can be realized by applying a voltage on these two sides. The initial purpose is get a basic 

idea of the friction coefficient of MoS2 synthesized by CVD and to explore the effects brought 

by injection or drain of electrons on MoS2. 

 

Figure 20 Morphology of the device. The gold stripes deposited on MoS2 are clearly shown.  

 

Some preliminary results were obtained when no external voltage was applied. The scan size is 

mostly around 100 nm * 100 nm. As introduced earlier, the spring constants of the tip were 

obtained after calibration and by using these values the friction signals were converted from 

voltage to actual force. By fitting these data with a line the friction coefficient which can 

basically reflect the frictional properties was calculated (Fig. 21).  By scanning the sample on 

three different locations we get a basic impression of this number (Table 2). Following work 

should be focused on the effects of gating on friction properties of MoS2. 
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Figure 21 Friction VS Normal force on MoS2 

 

 

Table 2 Friction coefficient obtained from scans on different locations  

Number Friction Coefficient  

1 0.068  

2 0.083 Average 

3 0.110 0.087 
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Chapter 4 Conclusion 

 

With the successful dry transfer of CVD-synthesized graphene, an easy and straightforward 

method was introduced to realize the in situ tensile testing. The experimental data prove 

applicability of Griffith theory on graphene, which is a strong but brittle membrane under room 

temperature. Fracture toughness and stress intensity factor were calculated accordingly. This 

work offers experimental insights into fracture mechanics of graphene and paves a promising 

and universal way for experimental mechanical investigations of the newest 2D materials such as 

MoS2 in the future. Experimental results have shown the dry transfer method works well for 

MoS2 as well. In addition, by using AFM, friction measurements were conducted on MoS2 

single-crystal triangles and preliminary results of the friction coefficient were given.  

 

Limited by the multi-steps of the dry transfer process and technical difficulty of one-by-one 

measurement of the graphene thickness, the existing results are relatively rough and scattering, 

which needs future optimizations on some aspects. A more ideal recipe for the dry transfer 

technique, especially for the annealing part, is critical to get cleaner sample surface and minimize 

the influence of polymer. Meanwhile in-situ tensile testing of 2D materials monitored by real 

time TEM imaging is expected in the future to get insights in the roles of grain boundaries during 

fracture. The friction measurement of MoS2 is still in the early state and a systematic design of 

experiments is needed to explore the effects of gating over friction.  
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Appendix Design and Fabrication of 

Micro-Devices  

 UMN, 2012 summer with Cheng Peng 

The micro-devices used for in-situ tensile testing of nanomaterials were designed and fabricated 

in Nanofabrication Center, University of Minnesota. This systematic work mainly includes three 

parts: mask design, photolithography and etching.  

These devices typically consist of three layers from top to bottom: the working layer made of 

single-crystal silicon, the supporting layer underneath the suspended working layer made of SiO2 

and the base layer made of polycrystalline silicon. Details in the device structure and working 

parameters can be referred in earlier publications 
16

. 

Mask design 

Since the patterns on the devices were depicted by photolithography, which will be introduced 

later, all these features could be drawn on one plane which could be realized by AutoCAD. One 

device was drawn firstly and then by copy and translation hundreds of identical devices could be 

arranged on one piece to form the mask. Different layers were identified by different colors in 

the draft. For example, in the top-right of Fig 1, the green lines stand for the base layer while the 

red lines stand for the working layer. The device in the bottom-right figure is a thermal-actuated 

device which could be actuated by current-introduced heat instead of an external nanoindenter. 

The blue and red lines are actually on the same plane in the real devices. By using an extra blue 

color here the anchors of the thermal-actuated beams are separately marked. One trick here is 
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that all the shapes in the draft should be kept closed, otherwise there’ll be error shown when 

making the masks.  

 

Figure 3 Design of mask by AutoCAD 

Photolithography and etching 

The primitive wafers were specially designed consisting of four layers: the top Si layer which 

will be patterned into the suspended working layer; the thin SiO2 layer which serves as a 

supporting layer above the base that makes the working layer possibly suspended; the thick Si 

layer which serves as the base of the device; the SiO2 layer on the back side which works as a 

protective layer during dry etching. Before patterning by photolithography, wafers were cleaned 

in piranha solution followed by rinse and dry procedures.  
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Figure 4 Primitive wafers consisting of four layers 

Photolithography was involved in both the front-side and back-side patterning. Photoresist was 

spin-coated on the front side firstly and then patterned by using the front-side photolithography 

mask (Fig 2(a)). After baking, dry etching method (deep trench) was used to get the patterns on 

the top silicon wafer (Fig 2(b)), in other words, unsuspended working layer. After this step, all 

the features on the front side were obtained.  

 

A similar process happened to the back-side patterning and etching. A corresponding mask for 

photolithography was used to pattern the photoresist on the back and then a dummy regular 

Figure 5 Front-side patterning by photolithography 



47 
 

 
 

wafer was attached to the front side by photoresist to seal the front-side patterns (Fig. 4(a)). The 

purpose of doing this work is to avoid etching layer 2 (Fig. 2) when HF was introduced to etch 

layer 4 in the next step. Later on when layer 3 (without photoresist) was exposed after HF 

etching, dry etching (deep trench) with hundreds of loops was used to etch layer 3 until the 

transparent layer 2 was reached (Fig. 4). The objective of this step is to make the ‘V’ shape 

opening on layer 3 (Fig. 5) for nanoindenter approaching. The contour of the whole device was 

formed for easy pick-up as well after this process. 

 

Figure 6 Back-side pattern and etching 

HF releasing and drying 

HF releasing is the last step before washing and drying in the fabrication process. This is a key 

process to make the device work properly because the working layer is supposed to be suspended 
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to move freely when it’s activated by a nanoindenter. HF solution was used to etch most part of 

layer 2 and a little portion was left between layer 1 and layer 3 to serve as a supporting layer for 

the suspended working layer. Etching of this thin SiO2 layer is the most time-consuming part in 

this whole fabrication process. However, good control of the etching time is critical to release the 

device well. 

The last part is washing and drying of the devices. Critical point dryer (CPD) is commonly used 

for fabrication of MEMS to make sure no liquid is trapped underneath the working layer and 

make it stuck. A SEM picture of the real device structure is shown in Fig.5. 

 

Figure 7 SEM picture of a real device showing its structure 
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Experimental details of making MEMS (2012)  

 

1. Mask design 

a) Smallest size of feature: 2um (the design >4um) 

b) Holes will be larger and beams will be small after fabrication. 

c) DXF format file designed in software of AutoCAD (polygons must be closed), Units: 

um, Scale: 1:1. 

d) Mask plate 5’*5’, Chrome Orientation: right reading chrome side down is most common 

except for cases involving backside alignment. 

 

2. Wash wafers 

a) Sulfuric acid bath (30 min), rinse with water; 

b) Spin dryer (Wash the cassette before putting wafers inside spin dryer), 300 s, 300 s, 300 

s. 

 

3. Wash masks 

a) Rinse into acetone for 30 s 

b) Put masks into sulfuric (96 ℃) for 30mins 

c) Rinse into DI water for 1 min 

d) Blow and dry the mask 
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4. Front side etching (S1813 photoresist) 

a) Pre bake for 2’ (115 ℃) 

b) HMDS for 3’ 

c) Spin coater: Program 3 (3500 RMS, Accel 3500, 30 s) 

d) Soft bake for 1’ (105 ℃) 

e) Align the wafer: x=10 mm, y= 10 mm, theta=0 for 2012 masks; (Use a marker pen to 

draw a dot near the alignment marks) 

f) Maba6 exposure (Low Vac mode, Gap 25 um, Time 5.5 s. Increase the exposure time 

will make the releasing holes much larger) 

g) Post bake for 1’ (115 ℃) 

h) Developer 351 for 30 s 

i) Rinse into water for 1’ 

j) STS etching O2 clean for 150 s 

k) Hard bake for 2’ (120 ℃) 

l) Deep trench etching (for 9 um SOI, etching begin from 13 loops, end at 18 loops, 

finished at 26 loops, for the hole deep trenching; for 6um SOI, begin from 10, end at 14, 

finish at 21; The etching is from edge to center) 

m) Remove photoresist by acetone 

 

************************************************************************

****** 

************************************************************************

****** 
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Metal deposition and lift off 

 

5. Wash in piranha in order to clean everything on top of Si layer, and make sure metal can be 

deposited onto device layer.  

6. Front side metal deposition and lift off (S1805 and LOR photoresist) (another option is to 

use the negative photoresist) 

a) Bake 170 ℃, 5 mins 

b) Spin LOR, 500 rpm for 2 secs, 3000 rpm 43 s 

c) Bake 170 ℃, 2 mins 

d) Spin S1805, 3000 rpm, 30 s 

e) Bake 90 ℃, 1 min 

f) Exposure, Soft contact mode, Gap 100 um, Time 4.5 s 

g) Developer 351 for 30 s; 

h) Rinse into water for 1 min 

i) Blow and dry 

j) Developer CD 26, 6-10 s 

k) Rinse into water for 1 min 

l) Blow and dry 

m) Check the pattern 

n) CHA E-beam Cr and Au deposition 

o) Remove photoresist and metal lift off by acetone or 1165 PR remover (70 ℃). (Put it 

into acetone as much time as you can, overnight might be better. Sonication might help, 

but higher power will damage the inclined beam (70% power and 3 mins). High 
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frequency (135 KHz) might help.) 

 

******************************************************************************

* 

******************************************************************************

* 

7. Back side pattering (S1818 photoresist) 

a) Pre bake for 2’ (115 ℃) 

b) HMDS for 4’  

c) Spin coater: (Pro. 2, Spin RAM =3000, Accel 3000, Time 30 s) 

d) Soft bake for 5.5’ (105 ℃) 

e) Align front to back wafer: before load wafer, x=3 mm, y= 10 mm, theta=0 for 2010 and 

2009 masks. 
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f) Maba6 exposure (Soft contact mode, Gap 100 um, exposure Time 8 s) 

g) Post bake for 1’ (115 ℃). 

h) Developer 351 for 30 s 

i) Rinse into water for 1’. 

j) STS etching (O2 clean for 30 s) 

 

 

8. Backside etching 

a) Stick the wafer with dummy wafer together (Photoresist on both SOI and dummy 

wafers) 

i. Pre-bake for 2 min 

ii. HMDS  for 4 min 

iii. S1818 spin coater, 1000 RAM, 30 s 

iv. Stick together and put into oven 120 ℃for 30 min  

b) BOE etching for SiO2 back side. The original thickness is around 2700 nm. The whole 

process lasts about 60 mins, measuring thickness from time to time (10 min first time, 

40-50 min the second time, try 5 different points when measuring the thickness). The 

cleanness and thickness of the window indicates the result of etching. 

c) Back Si etching 500 um. If finished, the front side can be viewed. Deep trench etching 

(about 810 loops). Etching about 660 loops, the front side can be subtly seen. Etch to the 

degree that the back side window is open, and the small etching line has even thickness 

from top to bottom. The link on the etching line is almost broken on the top side.  

d) Remove photoresist by acetone, wash in methanol, IPA, water 
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e) Clean photoresist with piranha 

 

9. HF Releasing (3 um SiO2 make the releasing time much longer, usually it’s about 330 min, 

50 min for 5 um SiO2. Using probe to scratch device and see if it is released, notice the 

width and color (if the beam is still connected with SiO2, there should be black parts) of 

SiO2 under the beams. (HF->water->methanol->IPA) Keep devices in the IPA, no exposure 

in the air. 

 

10. CPD, dry the devices. Before CPD, don’t expose devices in the air. 
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