
 
 

i 
 

Investigation of Mechanical Properties of

Graphene on Silicon Wafers

This thesis is submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy

from

University of Technology Sydney

by

Zulfiqar Hasan Khan

B. Sc. (Hons) & M. Sc.

School of Electrical and Data Engineering

Faculty of Engineering and Information Technology

2017



 
 

ii 
 

ABSTRACT 
 
Graphene is an atomically thin two-dimensional crystalline material with very low 

mass, high Young’s modulus, high elastic strength, high optical transparency, high-

electron mobility, high thermal conductivity and high degree of biocompatibility. Due 

to these extraordinary properties, graphene has many promising applications. Graphene 

can be synthesized in vastly different ways, for example by chemical vapour deposition 

and micromechanical exfoliation. However, the invariably poor graphene/substrate 

adhesion energy is a major drawback for ensuring the reliability, stability and longevity 

of sensors and other micro- and nano-mechanical devices, precluding us from 

achieving semiconductor technology requirements and rendering manufacturing efforts 

futile. Therefore, synthesising wafer level graphene that has sufficient quality and 

adhesion with the substrate is still an open and critical research problem.  

To address these issues, we have demonstrated for the first time a fivefold improvement 

in adhesion between graphene and its underlying substrate, using a transfer-free, 

catalytic alloy approach for synthesising a monolayer of graphene on silicon carbide 

on silicon. An interfacial adhesion energy of 5.7 J/m2 between graphene and silicon 

carbide is found using double cantilever beam testing, as compared to 1.02 J/m2 

reported for transferred graphene on silicon dioxide.  

As the obtained adhesion energy is a good starting point for achieving reliable resonant 

sensors, we have fabricated and evaluated graphene coated silicon carbide membranes, 

showing quality factor (Q) as high as 2.7x104. We have also investigated the influence 

of graphene coating on the quality factor of the silicon carbide membrane resonators 

and reported a significant reduction in damping when a graphene overlayer is present 

on silicon carbide membranes instead of a conventional metal layer. 
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THESIS FRAMEWORK

This thesis is divided into six chapters: Chapter 1: Introduction; Chapter 2: Published 

review paper–Mechanical and electromechanical properties of graphene and their 

potential applications in Micro Electro-Mechanical Systems (MEMS); Chapter 3: 

Methodology; Chapters 4: Unpublished paper–Ultrahigh adhesion of epitaxial 

graphene on SiC on silicon; Chapter 5: Mechanical performance of graphene on cubic 

silicon carbide membrane resonators on silicon, and Chapter 6: Conclusion.

Chapter 1 is the introduction, and includes a brief discussion of the research 

background, motivation, importance and scope of the work. It also provides the thesis 

framework and the list of publications. 

Chapter 2 is the literature review in the form of a published journal paper, which 

reviews the types of graphene, the mechanical properties of graphene such as elastic 

and fracture properties, its thermo-mechanical properties, as well as its tribology,

adhesion and electromechanical properties. This chapter includes a comparative study 

of the adhesion of graphene on different substrates as measured by different tests. 

Moreover, this chapter provides a general overview of MEMS resonators; dynamic 

resonant sensing parameters, such as resonance frequency and quality factor; resonant 

sensing principles; electrical actuation and detection schemes; and transduction 

techniques. Lastly, this chapter discusses the potential of graphene in MEMS and 

examples of applications. Overall, the idea of this chapter is to present a review and 

explanation of the existing literature on the mechanical properties of graphene.

The overall experimental methodology is introduced in Chapter 3. It starts with 

graphene synthesis, followed by characterization techniques (for evaluating the 

graphene and the membranes resonators) and for performing the failure analysis after 
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mechanical fracture or delamination. Next, the chapter explains double cantilever beam 

(DCB) and four-point bending (FPB) test sample preparation, the microresonator 

fabrication stages, including photolithography, silicon carbide (SiC) and silicon (Si) 

etching. Subsequently, it covers the principles of DCB testing, FPB testing and the 

optical measurements of the mechanical properties (f and Q) of membrane resonators 

by using Mach-Zehnder optical interferometry. Lastly, it specifies all the implemented 

instruments and their specifications. The intention of this chapter is to discuss the 

equipment, methods, and the calculations that were used throughout this work.  

  Chapter 4 presents the sample preparation for the four-point bending test and the 

double cantilever beam-bending test. Chapter 4 focuses on the measurement of the 

adhesion energy of nickel-copper (Ni-Cu) alloy mediated catalytic graphene on SiC on 

Si by the DCB test. This chapter also describes the failure analysis undertaken, in order 

to verify the location of the debonding path. This result of the DCB test is significant 

because of the fact that catalytic graphene offers fivefold improvement in adhesion 

compared to adhesion between graphene and silicon dioxide (SiO2).  

  Chapter 5 includes the results obtained from the simulation, fabrication, 

characterization and the measurement of the mechanical properties of the graphene 

coated SiC resonators, Ni-Cu coated SiC resonators and uncoated SiC resonators. Thus, 

the chapter reports the influence of graphene coating on mechanical properties of SiC 

membrane resonator. Moreover, the chapter demonstrates Q-factor improvement of 

graphene coated SiC membrane resonator by backside etching. 

  Finally, a general conclusion is given in chapter 6, which provides a summary and 

benefits of this work; and suggests ideas for future advances in this area. 
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CVD Chemical vapor deposition 
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3C-SiC Cubic silicon carbide 

 
SEM Scanning electron microscopy 

 
MEMS Micro-electro-mechanical systems 

 
FEM Finite element modelling 

 
G Strain energy release rate 

 
Gc Critical strain energy release rate 

 
Ѱ Mode mixity/ Phase angle 

 
Pc Critical load 

 
F Resonant frequency 

 
Q Quality factor 

 
E Young modulus 

 
E′ In-plane strain modulus of the substrate 

 
Ρ Density 

 
L Distance between outer and inner dwell pin 

 
DRIE Deep reactive ion etching 

 
XPS X-ray photoelectron spectroscopy 
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Chapter 1–Introduction 

 

1.1 Properties & Applications 

Graphene, as a single-layer of sp2 bonded carbon atoms organized into a hexagonal 

lattice, is an ideal structural material for achieving better performance and sensitivity 

than conventional MEMS and NEMS [1-5]. Graphene possesses a plethora of 

outstanding properties such as 1 TPa Young’s modulus [6, 7], exceptionally high 2D 

failure strength  [8, 9], high thermal conductivity, good electrical conductivity [10, 11], 

high optical transparency [12], extraordinary flexibility, lightness, robustness and 

chemical inertness [13]. The adhesion energy between graphene and its substrate is one 

of the practical mechanical properties which is crucial for ensuring stability and 

longevity of graphene based micro/nano devices [14]. 

Insufficient adhesion in graphene coated SiC micro-resonators can result in folding, 

bending and even auto-lift-off of the graphene sheet during device fabrication and/or 

operation, leading to the resonator failure [15-17]. Therefore, improving the adhesion 

between graphene and its substrate is prerequisite for reliable device fabrication.   

Other than use in sensing applications, ultrahigh adhesion of graphene may be useful 

for preventing delamination in pressurized suspended graphene membranes [18]. For 

example, ultrahigh adhesion can result in higher efficiency of gas separator membranes 

because it will be able to tolerate a wider range of pressures. Moreover, ultrahigh 

adhesion may make the strain-induced bandgap opening possible in a pressurized 

suspended graphene membrane [19].  
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1.2 Graphene synthesis 

Graphene synthesis is categorised into two types: transferred graphene and 

transfer-free graphene [5]. 

1.2.1 Transferred graphene 

For transferred graphene, the relocation of the graphene onto a working substrate is 

needed after synthesis for device fabrication.  The chemical vapour deposition (CVD) 

growth on metal foil [20-22], the reduction of graphene oxide and the exfoliation 

techniques are generally referred to as being the ‘transferred graphene’ type. 

The main advantage of CVD graphene is its scalability [5]. CVD graphene is promising 

in making flexible and transparent electronics [23-27] and corrosion protective coatings 

[13, 28-31]. In contrast, the advantage of exfoliated graphene is that it is pristine in 

nature and it ensures high quality graphene synthesis. However, lack of scalabity and 

controlling number of layers are two major drawbacks for graphene synthesis by 

exfoliation [5]. Therefore exfoliated graphene is suitable for laboratory scale 

fabrication of high performance devices [5]. 

The main limitation of transferred graphene is the poor adhesion energy between 

graphene and the substrate after the transfer [32]. This limitation makes wafer-level 

fabrication extremely challenging if not impossible. 

1.2.2 Transfer-free graphene 

Graphene obtained by thermal decomposition [33, 34] of bulk SiC or by thermal 

decomposition of cubic silicon carbide thin film on silicon (3C-SiC/Si) [35] are 

examples of transfer-free graphene.  

The advantages of transfer-free graphene include the ability to grow graphene on top 

of a wide bandgap semiconductor substrate (SiC) [36, 37] and the potential of wafer-
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scale production [36]. The drawbacks of epitaxial graphene obtained by thermal 

decomposition of 4H-SiC are the high cost of commercial bulk wafers and limited 

wafer scale (6 inch). Further, this method also requires high thermal budget (13000C-

16000C) for the graphitization [1]. 

1.2.2.1 Metal catalyst assisted graphitization  

To alleviate the above-mentioned drawbacks of epitaxial graphene on SiC based on 

thermal decomposition of SiC bulk wafers, our group proposed a catalytic metal 

assisted graphitization method. Catalytic graphene is grown at a much lower 

temperature (11000C) compared to the sublimation technique [1, 33, 38]. Catalytic 

graphene is a more affordable technique for graphene synthesis because 3C-SiC can be 

grown on inexpensive Si wafers and is compatible with existing silicon process 

technology. For this method, Ni and Cu are first deposited on top of the 3C-SiC/Si 

substrate using an e-beam evaporator; then being annealed at 1100°C for about an hour 

under medium vacuum (below ~10-3-10-4mbar) [1, 36, 39].  

There are three intermediate steps of the graphitization process [39]. The first step is 

the oxidation of Ni. The second step is the oxidation and amorphization on the top few 

tens of nm of SiC surface and simultaneous release of atomic carbon. The third step is 

the formation of the graphene layer on the SiC surface by catalytic action of Cu. Finally, 

after removing the metal silicides by Freckle etching, a monolayer graphene is obtained 

on 3C-SiC/Si [Appendix A, 39].  

The study of adhesion between catalytic graphene and SiC substrate is imperative, 

since the available information on adhesion between transfer-free graphene and SiC 

substrate is minimum. 
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1.2.2.2 Challenges for adhesion measurement  

Most measurements of graphene adhesion reported in literature have been limited to 

transferred graphene [40-42] whereas to date, no direct measurement of adhesion has 

been performed for transfer-free graphene. There are no reports of double cantilever 

beam (DCB) adhesion tests in the literature to measure graphene adhesion on bulk SiC, 

likely due to the higher relative brittleness of SiC wafers, leading to beam fracture at 

relatively low loads. Due to the difficulty in producing graphene with consistent 

coverage on a sufficiently large area on SiC, there has been no study of adhesion of the 

transfer-free graphene on 3C-SiC/Si.  Herein, we discuss the first of such measurements 

by DCB test.  

1.3 Methodology 

Sandwiched structured specimens for DCB tests are prepared by bonding the 

graphitized 3C-SiC/Si wafer with the mirroring Si wafer.  Then the individual 

rectangular beams are diced out from the sandwiched structured. For the DCB test, both 

Si beams are loaded and unloaded at a constant displacement rate, while the applied 

load is monitored as a function of the displacement to obtain a load-displacement curve. 

At a critical value of load, Pc, the load-displacement curve demonstrates a deviation 

from linearity and shows a sharp decrease, indicating the initiation of debonding. 

Multiple loading/crack-growth/unloading cycles were performed to measure the 

respective crack lengths.  From the critical loads and corresponding crack length, the 

adhesion energy of the catalytic graphene on 3C-SiC has been measured [43]. The 

location of the debonding is verified through failure analysis with Raman, SEM and 

surface XPS analysis on both sides of the delaminated interface.  
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After measuring high adhesion, graphene coated silicon carbide membrane resonators 

were fabricated by backside Si etching in deep reactive ion etching (DRIE) and the 

performances (f and Q) were measured by the “free ring-down” method [44]. 

1.4 Summary   

The importance of this work lies in two aspects:  

1) This is the first study of adhesion between graphene and 3C-SiC substrate on Si. We 

measured the adhesion between transfer-free catalytic graphene and 3C-SiC/Si 

substrate as 5.7 J/m2 by double cantilever beam fracture mechanics testing. Since the 

reported adhesion of transferred graphene on SiO2 is 1.02 J/m2 or lower [32, 45], the 

catalytic graphene demonstrates a five-fold improvement of adhesion. 

 2) The high adhesion between graphene and 3C-SiC made it possible to study the 

influence of graphene on the performance of SiC membrane resonator in terms of the 

Q factor. We found its potential to replace metals as actuation and readout circuit 

material. 
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Chapter 2–Mechanical and electromechanical properties of graphene 

and their potential applications in MEMS*

*This chapter includes a co-authored published paper. The bibliographic details of the 
co-authored published paper, including all authors, are:

Khan Z H, Kermany A R, Öchsner A, Iacopi F. “Mechanical and electromechanical 
properties of graphene and their potential application in MEMS”. Journal of Physics 
D: Applied Physics, 50(5):053003, 2017.

[Production note:
 This paper is not included in this digital copy due to copyright restrictions.]
 
 
 
Khan Z H, Kermany A R, Öchsner A, Iacopi F. "Mechanical and electromechanical 
properties of graphene and their potential application in MEMS". Journal of Physics
D: Applied Physics, 50(5):053003, 2017.
View/Download from: Publisher's site 
 

https://doi.org/10.1088/1361-6463/50/5/053003
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Chapter 3–Methodology 

 
3.1 Catalytic graphene synthesis 

For synthesizing monolayer graphene on 3C-SiC epitaxial films on Si substrate, an 

‘alloy mediated catalytic approach’ is used. First, nickel (Ni) and copper (Cu) are 

sputtered on the SiC surface via a Temescal FC-2000 e-beam evaporator at a rate of 1 

– 1.5 Å/sec and at a base pressure of 2×10−6 Torr. Next, the samples are introduced into 

a Carbolite high temperature (HT) furnace for thermal annealing at moderate 

temperature (1100 °C) and vacuum (10-3-10-4 mbar). The cool down ramp is about 8 

hours from 1100 °C to room temperature under medium vacuum. The steps for catalytic 

graphene synthesis are shown in figure 3.1. 

 

Figure 3.1 Schematic of the catalytic graphene synthesis process. 

A highly intermixed layer of metal and metal silicides are produced during the 

annealing. By immersing the graphitized samples into Freckle etch solution for six 

hours, the intermixed layer is removed. 

After that, we performed wet chemical etching with Freckle’s etch solution [36] for 

metal and metal silicide removal and to get a monolayer of graphene on the SiC (100). 

Freckle solution could be prepared by mixing acids with specific ratio. The ratio mix 

for making the Freckle etch solution is: 85% Phosphoric Acid (H3PO4): Glacial acetic 

acid:70% HNO3:48% Tetraflouroboric Acid (HBF4):H2O 70:10:5:5:10. After 

As-grown 
3C-SiC on 

Si
Ni 

deposition
Cu 

deposition
Thermal 
annealing

Metal 
removal

by Freckle 
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immersion in the freckle solution, the samples were finally rinsed with milli-Q water 

and dried by Nitrogen gas flow.  

3.2 Characterization techniques 

3.2.1 Scanning electron microscope  

The SEM produces images by scanning the sample with a high-energy beam of 

electrons produced from an electron source. For example, Tungsten (W) electron 

filament consists of an inverted V-shaped 100 μm long wire of tungsten, which is 

heated resistively to produce electrons [231]. The produced electron beam penetrates 

the sample to a depth of a few microns, depending on the accelerating voltage and the 

density of the sample.  

 

 

Figure 3.2 Basic diagram of scanning electron microscope [232]. 
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As the electrons interact with the sample, they produce two types of electrons: i) 

secondary electrons and ii) backscattered electrons. Backscattered electrons are higher 

energy electrons that are elastically backscattered by the atoms of the sample. On the 

other hand, secondary electrons are low energy electrons produced when electrons are 

ejected from the k-orbitals of the sample atoms by the imaging beam. The detector 

collects the electrons coming off the sample.  Since electrons have much shorter 

wavelengths than visible light, better resolution is achieved in SEM images. Depending 

on electron spot size and the interaction volume of the electron beam with the sample, 

modern full-sized SEMs provide resolution of between 1 and 20 nm [233]. Thus, SEM 

images of delaminated surfaces can preliminarily indicate whether our interface of 

choice has been debonded during the double cantilever beam adhesion test or four-

point bending test. 

     3.2.2 Raman spectroscopy 

The inelastic interaction between a photon and a molecule is known as the Raman 

effect. There are two types of Raman effect: Stokes Raman scattering, and anti-Stokes 

Raman scattering. In Stokes Raman scattering, atoms or molecules absorb energy, 

move to a higher vibrational energy level, which results in scattered photons with less 

energy than the incident photon. On the other hand, in the case of anti-Stokes Raman 

scattering, atoms or molecules loses energy, move to a lower vibrational energy level 

and so the scattered photons have more energy than the incident photons. 
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Figure 3.3 Energy diagram for Raman scattering [234]. 

The various energy shifts associated with different molecular vibrations leads to a 

Raman spectrum. The Raman spectrum provides a spectral fingerprint to detect 

atoms/molecules present in a sample. Raman spectroscopy needs to be carried out to 

confirm delamination between desired interfaces in an adhesion test. 

3.2.3 X-ray photoelectron spectroscopy (XPS) 

 

Figure 3.4 Basic diagram representing working principle of X-ray photoelectron 
spectroscopy [235]. 
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In XPS, an incident “soft” X-ray photon of 200-2000 eV energy ( ) knocks an 

electron out of the atom by photoelectric effect. The resulting photoelectrons escapes 

with an energy equal to 

                                                                KE =  – BE – Φ                                         (3.1) 

                                                            or, BE =  - KE –Φ                                         (3.2) 

where, Φ = spectrometer work function (of the order of a few eV). 

     and BE= binding energy of core electron 

The binding energy of electron could be measured from the energy of the incident X-

ray, kinetic energy of photoelectron and spectrometer work function. As different 

elements have different binding energies, XPS can find out which elements are present 

in the surface region.  

Although X-ray penetration depth is , photoelectrons cannot escape from depths 

greater than 10-80 Ao inside a material [236]. As electrons are extracted only from a 

narrow region around the surface, XPS is a perfect analytical tool for investigating 

which interface has been debonded.  

XPS is performed in an ultra-high vacuum (UHV) chamber to avoid scattering of the 

XPS electrons with air. Samples can be studied without any preparation other than 

normal cleaning. XPS can detect elements starting from Li (Z=3) and other atoms with 

higher atomic number (Z > 3); hydrogen (Z = 1) and helium (Z = 2) cannot be detected 

due to the low probability of electron emission. XPS has only 6 – 8 nm probing depth, 

0.003 to 0.008 times that of EDS, XRF, and FTIR [236], which makes XPS most 

convenient for surface analysis after delamination. In this thesis, the chemical bonding 

and composition of the surface of the samples was assessed by XPS using a Specs 150 

SAGE instrument operated with a Mg Kα X-ray source (Mg anode operated at 10 keV 
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and 10 mA). Binding energies of some of the relevant chemical states are tabulated in 

Table 3.1.  

Table 3.1 Binding energies of common chemical states in XPS spectra. 

Chemical State Binding Energy (eV) 

C-C (sp2 carbon) ~284 

C-C (sp3 carbon) ~284.8 

C-Si 282.7 

C-O ~286 

C=O ~289 

Cu metal 933 

Ni metal 852.6 

 

3.2.4 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a very powerful high-resolution scanning probe 

microscopy with demonstrated horizontal and vertical resolution down to a fraction of 

a nanometer. AFM is operated by measuring the force between the sample and the 

probe. 

Generally, the probe is a sharp tip with a 3-6 μm tall pyramid and a 15-40 nm end 

radius [237]. AFMs can normally measure the vertical and lateral deflections of the 

cantilever by using the optical lever to obtain the image resolution [237]. The optical 

lever functions by reflecting a laser beam off the cantilever. The reflected beam of laser 

strikes a position-sensitive four-segment photo-detector. The differences between the 

segments of the photo-detector specify the position of the laser spot on the detector as 



 

74 
 

well as the angular deflections of the cantilever (figure 3.5) [237]. Piezo-ceramics, a 

kind of material that expands or contracts in the application of a voltage gradient, act 

as high resolution and high precision three-dimensional positioning devices for the tip 

[237]. 

 

Figure 3.5 Schematic of atomic force microscopy (adapted from [238]). 

 

AFM has three different modes of operation such as contact mode, tapping mode and 

non-contact mode. In the contact mode of an AFM operation, the cantilever scans 

across the sample surface; whereas in the non-contact mode of scanning in an AFM 

operation, the cantilever oscillates just above the surface without contacting as it scans. 

In the tapping mode, the cantilever oscillates at a much higher amplitude of oscillation 

compared to the non-contact mode. The bigger oscillation makes the deflection signal 

large enough for the control circuit, and hence an easier control for topographical 

feedback [239]. The feedback loop maintains a constant oscillation amplitude by 

maintaining a constant RMS of the oscillation signal acquired by the split photodiode 

detector. The vertical position of the scanner at each (x,y) data point in order to 

maintain a constant setpoint amplitude is stored by the computer to form the 
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topographic image of the sample surface [239]. By maintaining a constant oscillation 

amplitude, a constant tip sample interaction is maintained during imaging [239]. In the 

research investigation reported in this thesis, a Digital Instruments Dimension 3100 

atomic force microscope (AFM) was used in tapping mode to measure the topography 

of the sample before and after delamination; NanoScope Analysis 1.7 software was 

used to analyse the data. 
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3.3 Sample preparation 

       3.3.1 Double cantilever beam (DCB) test sample preparation 

 

Figure 3.6 Description of DCB specimen preparation. (a) A silicon carbide on silicon 
containing graphene and a counterpart bank silicon substrate are cut to the same size, 
(b) Apply epoxy adhesive and attach two substrates and cure under constant clamping 
pressure, (c) Attach the aluminum loading tabs with epoxy adhesive, (d) Completed 
DCB specimen (e) Schematic of a sandwiched beam structure containing the graphene 
on SiC for DCB test of the interfacial debonding energies. 
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Specimens were fabricated by cutting a 30-mm wide and 60-mm long rectangular beam 

from a graphene/SiC/Si wafer and bonding it to a Si counterpart (figure 3.6(a)). A 

selected epoxy (EpoTek 353ND consisting of bisphenol F and imidazole; Epoxy 

Technology) was used for bonding. Then, the two substrates were bonded with constant 

clamping pressure (150kPa) (figure 3.6(b)) and the epoxy was cured for 1 hour at 1250C 

in a convection oven. This curing resulted in an approximately 2μm thick epoxy layer.  

Individual DCB specimens were diced from the sandwiched coupon using a dicer blade 

such that the dimensions of each beam were 5 mm x 60 mm x 1 mm. A commercial 

epoxy adhesive (Loctite E-20NS) was cured for 1 hour at 750C in a convection oven to 

attach the aluminum loading tabs on the DCB specimen (figure 3.6(c)). The excess 

epoxy was scraped off with a razor blade and the Si/SiC/graphene/Si stack sidewalls 

were polished with a Buehler Metaserv 250 Grinder/Polisher.  

The completed DCB specimen is shown in figure 3.6(d) and the schematic of the cross-

section of the sandwiched beam structure containing the graphene on SiC is represented 

in (figure 3.6(e)). Sometimes a precrack will not form even after overloading, due to 

excess epoxy flowing out of the interfaces and partially coating the Si beams at the end 

of the specimen. Therefore, the excess epoxy needs to be scraped off the sidewall of 

the specimen using a razor blade. 
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       3.3.2 Four-point bending test sample preparation 

 

Figure 3.7 Description of DCB specimen preparation. (a) A silicon carbide on silicon 
containing graphene and a counterpart bank silicon substrate are cut to the same size,  
(b) Apply epoxy adhesive and attach two substrates and cure under constant clamping 
pressure, (c) Dice the stack into several FPB specimens (d) Sideview schematic of a 
FPB specimen. 

 

Four-point bending test specimens were fabricated using the epoxy bonding technique. 

Speciments were fabricated by cutting a 30-mm wide and 50-mm long rectangular 

beam from a graphene/SiC/Si wafer and bonding it to a 530 μm Si wafer (figure 3.7(a)). 

A selected epoxy (EPO-TEK 353ND) was used for bonding and the two substrates 

were attached together with constant clamping pressure (150 kPa) (figure 3.7(b)). The 

epoxy was cured for 1 hour at 1250C in a convection oven. This curing resulted in an 

approximately 2 μm thick epoxy layer. In this case, a central region (~5mmx50mm) 

was not bonded, which served to aid initiation of the delamination process during 
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testing. The sandwiched specimen was diced to make a 5 mm wide and 50 mm long 

rectangular beam with thickness of 1mm. Finally, a vertical notch was made on the top 

Si (100) wafer with a diamond wafering blade to initiate crack propagation during the 

four-point bending test (figure 3.7(c)). A sideview schematic of a fabricated FPB 

specimen is shown in figure 3.7(d). 

 3.3.3 Fabrication of drum resonators 

We fabricated a range of SiC (100) membranes without coating, with Ni-Cu coating 

and with graphene coating on the surface through photolithography and an anisotropic 

etching technique, DRIE. It should be noted that the membrane fabrication process 

started from the back side of the wafer (Si surface). To further improve the Q, we 

performed a partial etch-back process of the SiC on a graphene coated SiC (100) 

membrane (G/ e-SiC (100)) to remove the highly defective bottom part of the SiC film 

so as to improve the overall crystal quality. SiC etching was also performed from the 

backside of the sample with DRIE. In summary, we therefore performed the epitaxial 

3C-SiC on Si membrane fabrication, using Si surface micro-machining and through 

photolithography, SiC etching (DRIE), and Si etching (DRIE).  

3.3.3.1 Photolithography 

Photolithography uses UV light to transfer the pattern of the mask to a light-sensitive 

chemical called photoresist, deposited on the surface of the wafer. Photolithography 

was performed to fabricate the graphene coated silicon carbide membranes.   

Prior to the start of lithography, we cleaned the wafer piece with acetone, IPA and N2. 

The wafer piece was then pre-baked (soft baked) at 126°C for 7 minutes on a hotplate. 

We initiated the lithography process by coating AZ40XT photoresist using a spin coater 

to obtain uniform deposition of the resist. The ~25 μm thick photoresist (AZ 40 XT) 
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was deposited on the backside of the SiC (100) on Si wafer slide through 2300 rotation 

per minute of the spin-coater. After that, we used EVG620 to print the photomask on 

the wafer by exposing it to UV light. Next, we developed the mask using AZ 726 

developer. AZ40XT, a positive photoresist, becomes soluble in the AZ 726 developer 

when exposed to UV light. Finally, we hard-baked the wafer at 120°C for 15 minutes 

using the hotplate, hardening the remaining photoresist before etching. The photoresist 

acts as a protective mask for the DRIE process and allows the etching of the unprotected 

circular area of the wafer [240]. 

 

Figure 3.8 Fabricating SiC membranes having radius of 440 μm with an in-situ 
graphene coating: (a) as grown catalytic graphene on SiC, (b) deposition of the 
AZ40XT photoresist on the back of the wafer slide, (c) the protective mask of 
photoresist obtained after the development in AZ 726 developer.  

 
 3.3.3.2 Etching 

Etching is the process of releasing the structures or removing some regions of the wafer 

through liquid, gas or ion. In the etching process, the chemical or ion agent removes 

the topmost layer of the substrate in the unprotected areas i.e. regions having no 

photoresist. The etching can be performed by either of the two types of movements of 

the chemical agents or ions: anisotropic or isotropic [240]. The unprotected area in the 

wafer is etched by using an anisotropic system VersalineTM DRIE (Plasma-Therm, 

USA) system. For Si and SiC etching, we used Deep Reactive Ion Etching (DRIE) with 

a flow of 100 sccm C4F8 and 150 sccm SF6 gases.  
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Figure 3.9 (a) Si anisotropic etching by DRIE that use a flow of 100 sccm C4F8 and 
150 sccm SF6 gases, (b) SiC anisotropic etching by DRIE with the same gas flow. 

 

DRIE uses the Bosch process that alternates repeatedly between two steps to achieve 

nearly vertical structures. In the first step, a nearly isotropic plasma containing sulfur 

hexafluoride (SF6) ions etches the wafer from a nearly vertical direction. In the second 

step, octafluorocyclobutane (C4F8) plasma provides a sidewall passivation layer that 

protects the entire substrate from further chemical attack, prevents further etching and 

provides improved selectivity. Note that during the first cycle repeats, the directional 

SF6 ions bombard the passivation layer and sputter it off to expose the substrate to the 

etchant at the bottom of the trench. This process allows etching of 530 μm of silicon to 

leave a silicon carbide layer of ~300 nm thickness, as shown in figure 3.9 (a). Thus, we 

fabricated graphene coated 300 nm thick SiC membranes (G/SiC) with radius of 440 

μm (figure 3.9 (a) and figure 3.10 (a)). To further improve the Q, we performed a partial 

etch-back process of the silicon carbide on an equivalent G/SiC membrane (e-G/SiC) 

by DRIE (figure 3.9 (b) and figure 3.10(b)). Hence we removed the highly defective 

bottom part of the silicon carbide film to improve the overall crystal quality. Therefore, 

we fabricated a range of SiC (100) membranes with graphene coating on the surface 

(figure 3.10(a) and (b)), without any coating (figure 3.10(c)), and with Ni-Cu coating 

(figure 3.10(d)) through photolithography and DRIE. 
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Figure 3.10 Side view schematic of the fabricated samples with radius of 440 μm a) 
graphene coated silicon carbide membrane, b) graphene coated silicon carbide 
membrane after backside etching, c) as-grown silicon carbide membrane with no 
coating, d) Ni-Cu coated silicon carbide membrane. 

 

Removing graphene from SiC 

In order to isolate the effect of the graphene coating on the Q-factor of the resonator, 

we used an ashing plasma process where the graphene was oxidised and removed from 

the silicon carbide wafer. We used Prog 200 reactive ion etching (RIE) system for O2 

ashing to remove graphene from substrates. We performed the etching in a vacuum 

with 100W RF power, 35 sccm of oxygen plasma for 30 minutes to remove the 

graphene from silicon carbide substrate and obtained a SiC membrane without 

graphene. 
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3.4 Mechanical testing        

3.4.1 Four-point bending test 

 

Figure 3.11 (a) A schematic of the four-point bend test system, (b) bending moment 
diagram and (c) shear force [241]. 

 

      Figure 3.12 Schematic representation of a load-displacement curve for a four- 
point bending test [242]. 
 

For the four-point bending sample preparation, the thin films are sandwiched between 

two thicker elastic beams and a pre-crack is notched in the top beam. The sample is 
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placed between four load pins and same load (P/2) is applied to all the four pins (figure 

3.11(a)). The initial pressing locks the specimen in place and after that, load increases 

linearly with displacement, showing the elastic behavior of the sandwiched specimen. 

The bending of the beam causes the storing of the elastic strain energy. For four-point 

bending, there is uniform bending moment between the inner loading points (figure 

3.11(b)). The shear force and interlaminar shear stress are zero in the same region 

which leads to pure bending (figure 3.11(c)). Therefore, elastic strain energy will be 

stored inside the sandwiched structure. At a certain load, debonding is initiated at top 

notch and jumps to the thin film/substrate interface. Across a characteristic plateau 

region, debonding extends in a steady-state manner (figure 3.12) and some of the strain 

energy is relaxed. This relaxation energy provides a driving force for debonding. From 

the plateau of the load–displacement curve, the critical load Pc [243] can be extracted 

for calculating the critical strain energy release rate or interfacial adhesion energy (Gc). 

If the debonding has extended sufficiently far from the vertical pre-crack (a>2h), then 

the interfacial adhesion energy (Gc) is independent of the debond length and could be 

calculated using the following expression [244] 

                                                         ,                                                     (3.3) 

where, the geometrical parameters L, b and h represent distance between inner and 

outer dowel pins, width of the beam and half height of beam respectively. On the other 

hand, E and  stands for Young’s modulus and Poisson’s ratio for the substrate, 

respectively.Under conditions of steady state crack growth i.e. in the plateau region, 

the phase angle of loading (ratio of shear to normal stresses) for the four-point bending 

test is approximately 43° [244]. The main advantage of the FPB test is that adhesion 

can be measured without any influence from the crack length; whereas the disadvantage 
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is the energy dissipation by friction, which leads to slight overestimation of adhesion 

energy. 

3.4.2 Double cantilever beam (DCB) test 

 

Figure 3.13 A typical load-displacement curve for a DCB specimen [242]. 

The load-displacement curve for a typical DCB test is shown in figure 3.13. An initial 

loading was followed by a sharp decrease in load, representing the crack initiation. At 

a critical value of load, Pc, the load-displacement curve demonstrates a deviation from 

linearity which indicates the initiation of debonding. With crack extension, specimen 

compliance changes as seen from the load-displacement curve. In order to measure the 

specimen compliance, the beams are unloaded and the inverse of the slope of the 

unloading curve estimates the specimen compliance. The sample is loaded again until 

further crack propagation occurs, ands this loading/crack growth/unloading cycle is 

repeated several times [43]. In loading-crack growth-unloading cycles, crack lengths 

(ai, aj, ak….) are associated with corresponding critical loads (Pci, Pcj, Pck ……) (figure 
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3.13) and each of these (crack lengths, critical load) pairs are used to calculate the 

associated critical strain energy release (Gci, Gcj, and Gck……). In order to record 

accurate values of Pc, the test data file can be exported to a graphing program that can 

be used for precise determination of critical loads. 

Instantaneous crack lengths of the DCB specimen can be calculated by using the 

specimen compliance (C), geometry (width, B and half-thickness, h) and plane strain 

elastic modulus ( ) [40],                                                                      

                                                                                                                                      ,                                              (3.4) 

where  C = specimen compliance . 

From the crack length (a) and the critical load (Pc) at which debond extension occurs, 

the critical fracture energy or the adhesion energy, Gc (J/m2) can be measured from [40] 

                      

The applied phase angle of loading (ratio of shear to normal stresses) for DCB 

geometry is ~ 00. Therefore, the DCB test corresponds to a pure opening mode fracture 

of interface and only the normal force is associated at the interface. 

3.4.3 Membrane resonator optical measurement 

We measured membrane resonators out-of-plane flexural Q and f  through optical 

means at room temperature and in a vacuum (below about 10-7 mbar). This was 

performed through a standard all-fibre Mach-Zehnder interferometer [245] setup 

(figure 3.14) in Warwick Bowen’s laboratory, at the University of Queensland. 

E

                                                                                                    ,   (3.5) 

hBhECa 64.0
8

3/13

2

32

22

64.0112
a
h

hBE
aPG c

c



 

87 
 

 

Figure 3.14 Optical measurement setup using Mach-Zehnder interferometer [270]. 

The sample was mounted and mechanically actuated on an inbuilt piezo-electric 

modulator of the nanopositioning system [SLC-24 Positioner by SmarAct GmbH].The 

Mach-Zehnder interferometer was arranged to perform homodyne detection of the light 

reflected off the sample. A low noise fibre 1550 nm CW laser [Koheras AdjustiK by 

NKT Photonics] was used to generate around 50 μW of laser light incident on the 

sample. Of this incident light, 1-2% was then collected using a homodyned and 

polished lensed fibre at the detectors. We estimated the Q-factors using the “free ring 

down” method [246]. By measuring the time necessary to reduce the amplitude to (1/e) 

of its initial value of exponential fit, the decay time constant (τ0) of the ring-down was 

obtained. Q-factor can be calculated from [246]  

                                                       Q = πτ0f0 ,                                                                                       (3.6) 

We measured the circular membrane resonators’ out-of-plane flexural f and Q in a high 

vacuum at room temperature by using the Mach-Zehnder interferometer and homodyne 

detection of light as shown in figure 3.14. We performed the f and Q-factors 

measurements on SiC(100) membranes, graphene on SiC(100) membranes, and 

conventional metals (nickel and copper) on SiC(100) membranes in order to investigate 
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the influence of graphene and metal coating on the resonators’ mechanical f and Q. We 

also compared the measured frequencies with the simulated frequencies. The results of 

this experiment are shown in Chapter 5. 

3.5 Details of the instruments used 

3.5.1 DTS delaminator adhesion test system 

The delaminator adhesion test system (DTS Company, Menlo Park, CA) is a high 

precision micro-mechanical test system with full computer control and data analysis; 

the system can be used to perform the four-point bending or double cantilever beam 

adhesion test. The system consists of specialized data acquisition hardware with 

mechanically stiff load frame around it to hold the sample, as well as to improve testing 

stability and yield. An actuator permits precise displacement control by the LabVIEW 

program, whereas a load cell reads the force P at each position simultaneously [242].  

 

 

 

 

 

 

 

Figure 3.15 Schematic of a DTS delaminator adhesion test system [242]. 
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3.5.1.1 Load cell test frame 

A load cell is a transducer that is used to create an electrical signal whose magnitude is 

directly proportional to the force (F) being measured. In our DTS Delaminator, the load 

cell (Model: SSM-EEX-50) is designed for a maximum load of 222.4 N. It is specially-

manufactured, environmentally sealed, have high load precision and temperature 

compensated. It is mounted in a test frame and equipped with a D-Sub 9-pin connector 

of which only 4 pins are used to carry the signals to the signal conditioning unit in the 

delaminator controller. The load cell must be calibrated before the experiment. 

However, precaution should be taken not to apply any side loads or torque to the load 

cell during adjustment, calibration or experiment [242].  

Table 3.2 Specification for the load cell of the DTS Delaminator (Model: SSM-EEX-
50). 

 

Parameter Value 

Maximum load 222.4 N (50 lbs.) 

Non-linearity < ±0.05 %FS 

Hysteresis < ±0.03 %FS 

Compensated temperature range -15 to 65oC 

 

3.5.1.2 Load cell calibration 

Load cell calibration is the set of operations that compares the accuracy and then aligns 

the load cell with the standard. The load cell can become less reliable because of a 

number of reasons such as instrumentation fault, loose cable, electrical or mechanical 

effect, drift, overuse, mistreatment, ageing etc. Without calibrations, load measurement 
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readings would become less and less accurate over time, giving us flawed values of 

force from experiments [242].   

 

Figure 3.16 Experimental set-up for load cell calibration. 

Calibration was verified by carefully putting 1kg weight on the centre of the calibration 

platform and watching the displayed "Load" value go to 9.82 N. Thus, by calibrating 

load cell against recognised standard, we ensured that the load cell was performing well 

and giving the right load value. Then the delaminator was ready to use for future 

DCB/FPB experiments and for subsequently giving the exact strain energy release rate 

to get the adhesion of the desired interface [242].  

3.5.1.3 Software control 

In order to get efficient controlling, data recording and subsequent analysis, the PC is 

equipped with pre-programmed LabVIEW software. LabVIEW software features an 

easy-to-use interface allowing minimum test setup time and allows the performing of 

either DCB or FPB experiments. The only difference in operation is__ testing should be 

performed under tension for the DCB test, whereas FPB testing should be performed 
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under compression. LabVIEW software enables us to get different graphical 

information such as load vs. displacement; fracture energy vs. displacement; load vs. 

time etc. Also different parameters such as loading speed, homing speed, current load, 

load limit, relative actuator position, data acquisition rates can be adjusted and 

controlled by the software. The software control also enables the actuator to ramp up 

the displacement [242]. 

3.5.1.4 DC motor actuator 

The most important hardware component of the system is the high-resolution linear 

actuator with DC motor (M-235.5DG). The actuator provides linear motion of 50 mm 

with 0.05 micrometre resolution in a compact package. It consists of a preloaded ultra-

low-friction, heavy-duty ball screw which is driven by a precision closed-loop DC 

motor with motor-shaft-mounted, high-resolution encoder (2048 counts/rev.). The 

actuator features an extremely low friction construction allowing for minimum 

incremental motion of 50 nanometres. Contrary to conventional rotating micrometre 

drives, the M-235.5DG has a non-rotating design that eliminate not only torque-

induced positioning and sinusoidal motion errors, but also wear at the contact point and 

tip-angle-dependent wobble [242]. 
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Table 3.3 Specification for the DC motor actuator of the DTS Delaminator (Model: M-
235.5DG). 

 Parameter Value 

 Travel range 50 mm 

 Minimum incremental motion 0.05  

 Unidirectional repeatability 0.1  

 Bidirectional repeatability 1  

 Maximum velocity 3mm/s 

 Maximum push/pull force 200 N 

 Maximum lateral force 100 N (at grip) 

 Encoder resolution 2048 counts/rev 

 Motor resolution 20000 steps/rev. 

 

3.5.1.5 Environmental chamber  

The test system configuration has an environmental chamber in order to control 

temperature and humidity. The environmental chamber has two ports, one for vapor 

injection and another for attaching thermocouple to measure temperature.  The 

environmental chamber is designed to allow operation in temperatures of -20oC to 50oC 

and in humidity from 0 – 85% R.H. [242]. 

The environmental chamber enables us to examine the adhesion and the crack growth 

rate with respect to relative humidity and temperature. We can also conduct DCB 

experiments in solution, for example in water. Note that the load cell is sensitive to 
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temperature variation. In order to get stable readings from the load cell, it should be 

equilibrated to increased temperature prior to testing [242]. 

3.5.2 Instruments summary 

Adhesion testing 

          Model: Delaminator DTS, Menlo Park, CA 

          DC motor actuator: Physik Instrumente (PI) M-235.5DG 

          Load cell: SSM-EEX-50  

          Software: LabVIEW 

Wafer Polisher 

          Model: Buehler Metaserv 250 Grinder/Polisher 

          Polishing paper: Allied 600,800 and 1200 Grit Silicon Carbide Paper (8’’ disc) 

Wafer Dicer 

          Model: ADT 7100 Dicing System 

Wafer Scriber 

          Model: IsoMet® Low Speed Saw 

Raman spectroscopy 

          Model: Renishaw in-Via Spectrometer 

          Laser source: 50 mW, 514nm Argon ion laser 

Scanning Electron Microscope 

          Model: ZEISS Supra 55VP SEM 
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Wafer curvature measurement instrument 

          Model: TENCOR FLX-2320 

Optical profiler 

       Model: Veeco Wyko NT1100 

Lithographic instruments 

           Brewer Science spin coater: Spinner with 3000 rpm for uniform resist deposition 

           S. E. M. Hotplates: soft- and hard-bake of the PR  

           EVG620 mask aligner (MA): UV Mask printing 

           AZ 726 developer: Developing of the mask after the UV exposure 

Si and SiC etcher 

           Model: VersalineTM DRIE (Plasma-Therm, USA) system 

Oxygen plasma 

           Model: PROG200 Reactive Ion Etcher  

  CW laser 

   Model: Koheras AdjustiK by NKT Photonics 

   Wavelength: 1550 nm  

 

Chapter summary 

First, we described the synthesis process of catalytic graphene on silicon carbide on 

silicon. Afterwards, we described the characterization stages for assessing graphene 

quality on silicon carbide on silicon; then the characterization stages for failure analysis 
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of the adhesion tests in order to confirm the delamination along graphene/SiC interface 

and for viewing the fabrication results of the membrane resonators. We discussed the 

sample preparation for DCB and FPB adhesion testing. We also discussed fabrication 

stages (photolithography and etching steps) for membrane resonators. Finally, we 

discussed adhesion tests for measuring graphene/SiC adhesion, and optical 

measurement processes to find the mechanical parameters (f and Q) of the resonators.  
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Chapter 4–Ultrahigh adhesion of epitaxial graphene on SiC 

on silicon 

4.1 Introduction 

Graphene is a monoatomic layer consisting of sp2 hybridized carbon atoms organized 

into a hexagonal lattice in two dimensions. Graphene is an extremely promising 

functional material for  further miniaturization of electrical [2-4] and mechanical 

devices [5] with enhanced performance, particularly due to the low power 

consumption.  However, one of the major challenges is the typically low adhesion 

energy of graphene to other surfaces. Once the adhesion is insufficient in miniaturized 

devices, graphene can fold or bend due to shearing forces, or be lifted-off due to normal 

forces during device fabrication or operation, ultimately leading to the failure of such 

devices [15-17]. For example, the breaking and peeling off of the graphene membrane 

due to low adhesion with the substrate is a major obstacle for realizing a stable gas 

separation membrane [18]. Furthermore, graphene/substrate adhesion limits the 

maximum pressure difference that can be applied to a graphene-membrane gas 

separator.  In addition, to introduce a bandgap by inducing strain in pressurized 

suspended graphene membranes, the predicted minimum adhesion energy needs to be 

above 3 J/m2 in order to prevent delamination [19]. In general, in order to scale up the 

fabrication of graphene-based functional devices to reliable wafer-level production, it 

is necessary to ensure high adhesion at the graphene-to-substrate interface. 

Most measurements of graphene adhesion reported in literature have been performed 

by either double cantilever beam (DCB) or blister tests and have been limited to 

graphene grown by chemical vapor deposition (CVD). For example, CVD monolayer 

graphene adhesion on seed copper foil, except for one instance [42], has been 
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consistently reported to be ≤ 2 J/m2 [40-42] by DCB testing, where the variations in 

adhesion energy may be attributed to contamination, surface roughness, or trapped 

liquid [247]. Following the transfer of CVD graphene from seed copper foil to an 

appropriate substrate for fabricating graphene-based devices, the adhesion energy 

between graphene and the substrate drops to even lower values. For example, after 

transferring the CVD graphene onto silicon dioxide substrate, Shin et al. [32] reported 

the adhesion energy as 1.02 J/m2 by means of a DCB test.   

Unlike CVD or exfoliated graphene, graphene grown with a catalytic alloy on silicon 

carbide [1, 36] is directly grown on silicon substrates (transfer-free) and thus highly 

relevant to wafer scale fabrication. However, to date, there has been no study of the 

fracture behaviour nor of the adhesion of graphene on SiC on Si, primarily due to the 

unavailability of graphene with consistent coverage over large areas of SiC on Si. There 

is similarly no report of DCB tests to measure graphene adhesion on bulk SiC, likely 

because of the relative brittleness of SiC wafers which leads to beam fracture at 

relatively low loads, preventing any meaningful measurement of adhesion. Herein, we 

discuss our approach for performing the first such measurements. DCB tests are used 

to evaluate the adhesion of catalytic graphene and we report ultrahigh adhesion energy 

between the as-grown monolayer graphene and SiC on silicon. Results indicate that 

metal-mediated catalytic graphene on silicon carbide, one of the most promising 

methods for synthesizing graphene at large scale for semiconductor applications, also 

offers a significant improvement in graphene adhesion, potentially enabling multi-step 

wafer-scale semiconductor fabrication as well as improved device reliability. 
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Table 4.1 Literature review of the adhesion of graphene on different substrates by Double 
Cantilever Beam (DCB) and blister testing. 

Methodology Interface 

Adhesion 

Energy 

(J/m2) 

Author 

DCB test 

Monolayer 

graphene on Cu 
0.72 Yoon et al. [40] 

Graphene/SiO2 1.02 

  Shin et al. [32] Graphene/PMMA 1.58 

Graphene/PVP 2.31 

Graphene/Cu 6.0      Na et al. [42] 

Graphene/Cu 2.10     Seo et al. [41] 

Graphene/Cu 1.54      Na et al. [125]  

 

 

 

Blister Test 

  

Monolayer 

graphene on SiO2 
0.45 

Koenig et al. [45] 
Two- to five-layer 

graphene on SiO2 
0.31 

Graphene on Cu 0.34 Cao et al. [118] 

Graphene on 

silicon 
0.151 Zong et al. [119] 

Continuum model 

along with  

pleat defect dimension  

Trilayer graphene 

on SiC(0001) 
        3.0 Wells et al.[121] 
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4.2 Methods 
             

            (a)                                             (b)                                                (c) 
 

4.2.1 Alloy-mediated graphene synthesis 

A 4-in. (100mm in diameter) Si (100) wafer with an epitaxial layer of cubic SiC (540 

nm) was purchased from NOVASIC (France) and used as received. The 3C-SiC/Si 

wafer was diced into 50x70 mm2 slides (figure 4.1(a)). Using the Temescal FC-2000 

e-beam evaporator, a 13 nm thick Cu layer and a 9 nm thick Ni layer (figure 4.1(b)) 

were deposited onto these 3C-SiC/Si slides at a rate of 1 – 1.5 Å/sec at a base pressure 

of 2×10−6 Torr. Next, we annealed the sample in a Carbolite HT furnace for 60 min at 

1100 °C and ~10-3-10-4 mbar for graphitization. The cool down ramp was around 8 

hours from 1100 °C to room temperature under a medium vacuum (below~10-3-10-4 

mbar). After that, we performed wet chemical etching with Freckle’s etch solution [36] 

for metal and metal silicide removal and to get a monolayer of graphene on the SiC 

(100) (figure 4.1(c)). The samples were cleaned with deionized water and dried by 

Nitrogen gas flow. TEM suggests the presence of a ~20 nm amorphous and crystalline 

SiC layer underneath the graphene, as discussed in Section 3.1.  

Figure 4.1 Fabrication process for catalytic graphene, redrawn from [1]. a) The starting 
epitaxial silicon carbide substrate on silicon, b) Ni and Cu deposition on top of silicon 
carbide substrate on silicon using e-beam evaporator, c) After annealing at 1100 °C, 
monolayer graphene forms on epitaxial silicon carbide substrate on silicon. However, an 
amorphous layer was formed during the graphitization process at the top portion of the 
crystalline SiC film and below the monolayer graphene. 
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4.2.2 DCB measurements 

 

DCB specimens were fabricated by dicing a 30 mm wide and 50 mm long rectangular 

section from a catalytic-graphene/SiC/Si wafer and bonding it to a similar sized blank 

silicon substrate to form a coupon structure (cross-section shown in figure 4.2). A 

selected epoxy (Epo-Tek 353ND consisting of bisphenol F and imidazole; Epoxy 

Technology) was used for bonding and the two substrates were attached together with 

constant clamping pressure (150 kPa), the epoxy then being cured for 1 hr at 125 0C in 

a convection oven. This curing process resulted in a 2-μm thick brittle epoxy layer 

which should contribute marginally to the adhesion energy. Aluminium loading tabs 

containing low-friction ruby jewel bearings were attached to the DCB specimen to 

measure the adhesion energy accurately by reducing friction between the loading tabs 

and pins. A commercial high-strength epoxy (Loctite E-20NS) under high pressure was 

used to attach the tabs to the DCB specimen [43]. 

The specimens were loaded in tension under displacement control, and the load, P, 

versus displacement, ∆, data were recorded as the crack naturally propagated from the 

Figure 4.2 Schematic of a sandwiched 
beam structure containing the graphene on 
SiC on Si for DCB test of the interfacial 
debonding energies. The metal tabs are 
drawn at a higher resolution. 

Figure 4.3 Schematic of sandwiched 
beam structure for four-point bending 
test. 
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initial crack into the relevant interfaces. All adhesion tests were performed using a thin-

film adhesion test system (Delaminator DTS, Menlo Park, CA). 

The adhesion energy, Gc (J/m2), was measured in terms of the critical value of the 

applied strain energy release rate, G. Gc can be expressed in terms of the critical load, 

Pc, at which debond growth occurs, the debond length, a, the plane strain elastic 

modulus, , of the substrates and the specimen dimensions; width, B and half-

thickness, h. The adhesion energy is then typically calculated from [40] 

                                                             where, C = specimen compliance .                                                      

4.2.3 Four-point bending measurements 

Specimens for four-point bend adhesion measurements were prepared from 50 mm 

squares cleaved from graphene/SiC/Si wafers and subsequently bonded to a blank 

silicon substrate of similar size using epoxy (figure 4.3). In this case, a central region 

(~5mmx50mm) is not bonded and serves to aid initiation of the delamination process 

during testing. The sample coupons were then cured at 120 °C for 1 hr. Individual four-

point bend specimens were diced from the sandwiched coupon using a dicer blade such 

that dimensions of each beam were 5 mm x 50 mm x 1 mm. Using a diamond scribe, a 

central notch was made in the centre of the substrate beam, centred over the initiation 

region. The beam was then loaded for four-point bending while the load (P) was 

monitored and the displacement (Δ) was controlled. The four-point bending adhesion 

measurements were taken at a displacement rate of 0.5 μm/s.  

Initially, the composite structure was loaded elastically, storing strain energy within 

the elastic substrates. Eventually, the notch initiated debonding in the SiC/graphene/Si 

E
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stack. At a critical load (PC), the strain energy release rate became larger than the 

fracture resistance of the graphene/SiC interface, resulting in debond extension along 

the graphene/SiC interface and the load plateau. Using simple beam mechanics, the 

interface fracture energy can be written as [244] 

                                                                                              ,            (4.3)   

where E′ is the plane strain modulus of the substrate, and the dimensions L, b, and h are 

distance between inner and outer dowell pin, width of the beam and half height of the 

beam, respectively. 

4.2.4 Surface analysis 

We assessed the quality of the graphene using a Renishaw InVia micro-Raman system 

with an excitation wavelength of 532 nm. A Digital Instruments Dimension 3100 

atomic force microscope (AFM) was used to measure the topography of the sample 

before and after delamination; data was then analysed using the NanoScope Analysis 

1.7 software. A Zeiss Supra 55VP scanning electron microscope (SEM) at the 

University of Technology, Sydney, was used to collect SEM images. The chemical 

bonding and composition of the surface of the samples was assessed by XPS using a 

Specs 150 SAGE instrument operated with a Mg Kα X-ray source (Mg anode operated 

at 10 keV and 10 mA).  
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4.3 Results 
 

4.3.1 Characterization of graphene on SiC on Si before substrate bonding 

Our experimental conditions are equivalent to those in Mishra et al. [39], who  suggest  

a ~20 nm thick mixed phase of oxidized amorphous and crystalline SiC under the 

atomic layer of carbon, based on the time of flight secondary ion mass spectrometry 

(ToF-SIMS), transmission electron microscopy (TEM) and X-ray photoelectron 

spectroscopy (XPS) measurements. In the amorphized layer, some of the Si–C bonds 

are replaced by an oxycarbide (C-Si-O) bond during the graphitization [1, 39]. Figure 

4.4 shows the Raman spectrum of the as-grown catalytic graphene on SiC film with the 

graphene D-band (at ~1355 cm-1), G-band (at ~1585 cm-1), 2D-band (at ~2710 cm-1) 

and silicon carbide longitudinal optical (LO) peak (at ~971 cm-1). The higher intensity 

of the 2D-band compared to G-peak intensity I2D/IG ≈ 1.2  and the transmission electron 

microscopy (TEM) image suggest the presence of monolayer graphene [39]. The ID/IG 

ratio is as low as 0.29-0.32, indicative of a material with a low density of defects.  

Averaging over several scanning areas of 20 μm×20 μm, the root mean square 

roughness of the graphene on a 3C–SiC sample was  ̴ 29nm, which is about threefold 

Figure 4.4 Raman spectrum of the graphene on silicon carbide film on silicon. Raman
spectra of a graphene on SiC showing the LO, D, G and 2D peaks at ~971, 1355, 1585 
and 2710 cm-1. D, G and 2D are characteristic graphene peaks whereas the longitudinal 
optical (LO) peak response is originated in the cubic silicon carbide layer underneath. 
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that of bare 3C–SiC films grown on silicon substrate ( ̴ 9nm) (see supplementary 

information, figure S1, for AFM line scan profiles). 

4.3.2 Fracture data 

4.3.2.1 DCB result 

Two DCB specimens were constructed from the sandwiched wafers, one of which 

demonstrated a nice force-displacement curve containing multiple loading/crack 

growth/unloading cycles, whereas the other sample fractured through the thickness of  

 

the beam prior to delamination. The load-displacement curve for the successful DCB 

test is shown in figure 4.5(a). An initial loading was followed by a sharp decrease in 

Figure 4.5 a) Load displacement curve for DCB Test, b) part of figure (a) demonstrating 
a loading-unloading cycle. 

Figure 4.6 Load displacement curve for a four-point bending test. 
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load, indicating crack initiation. A loading/crack growth/unloading cycle is shown in 

figure 4.5(b). The loading of the beam leads to a critical load at which the load starts 

to decrease, exhibiting changes in specimen compliance with crack extension. The 

beams were subsequently unloaded to measure the compliance (from inverse of slope), 

then loaded again until further crack propagation occurred, and this cycle was repeated 

several times [43]. Instantaneous crack lengths of the DCB specimen could be 

calculated from Equation (4.2) using the specimen compliance, geometry and plane 

strain elastic modulus. From the crack length and the critical load at which debond 

extension occurred, the critical fracture energy could be measured (using Equation 

(4.1)). The average fracture energy of the observed interface using DCB test was found 

to be 5.7±0.7 J/m2. 

4.3.2.2 FPB result 

The interfacial adhesion energy for the SiC/graphene was obtained by putting the 

average plateau load in the formula for critical strain energy release rate, equation (4.3). 

The near-steady state energy release rate plateau corresponds to an average debonding 

energy of 7.6 J/m2. This value seems in very good agreement with that found from 

DCB testing, as we note that the higher loading mode in FPB (~ 45 degree phase angle 

as compared to the pure opening mode of DCB) leads to a higher dissipation component 

in the FPB measured values. As the layered stack is essentially brittle, but we do have 

a substantial interfacial roughness at the interface between SiC and graphene, we expect 

that the slightly higher measured value in FPB is mostly due to interfacial friction upon 

debonding, rather than plastic dissipation. Note finally that although only one 

successful measurement may not be considered statistically significant, the extremely 

well-defined plateau acts as a collective measurement of adhesion energy at every 
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given point along the delaminated specimen surface, and furthermore the good 

agreement with the DCB values confirms accuracy of the measurement. 

Four-point bending tests suffered from lower test yield due to substrate fragility. 

Among ten samples, six samples broke sharply, showing no plateau during the four-

point bending test. Two samples delaminated on one side of the notch and therefore 

were not considered reliable measurements. The two remaining samples delaminated 

on both sides of the notch, only one of which demonstrated an extended and reliable 

plateau related to a steady-state energy release rate, typical of an interfacial debonding. 

Figure 4.6 represents the load displacement curve and the plateau of the successful 

four-point bending test. 

4.3.2.3 Reference 

  

    

 
 

 

(a) 
(b) 

(c) 

Figure 4.7 Schematic of sandwiched beam structure of the references, a) silicon carbide on 
silicon, epoxy-bonded to blank silicon beam (Si/SiC/Epoxy/Si), b) silicon dioxide deposited 
atop silicon carbide on silicon, epoxy-bonded to blank silicon beam (Si/SiC/SiO2/Epoxy/Si),
c) aluminium/titanium adhesion-promoting layers deposited atop silicon carbide on silicon,
epoxy-bonded to blank silicon beam (Si/SiC/Ti/Al/Epoxy/Si.) 



 

107 
 

To probe the adhesion energy of the SiC/Si interface prior to graphitization, a series of 

reference samples were prepared, as indicated in figure 4.7. Note that figure 4.7(a) is 

the same structure as seen in figure 4.3, except the samples were not graphitized. In 

each case, a different bonding scheme is used, with SiO2 and Ti/Al layers added in 

figure 4.7(b) and 4.7(c) respectively, in an effort to drive crack delamination into the 

SiC/Si interface.  Results of the four-point bending tests performed on these specimens 

are presented in Table 4.2.  

In each of the Si/SiC/Epoxy/Si and Si/SiC/SiO2/Epoxy/Si specimens tested, we were 

unable to propagate a crack through any layer via a four-point bending test, instead 

observing crack propagation through the thickness of the beam (Table 4.2).Upon 

addition of Ti/Al layers atop the SiC, we were able to perform a single valid four-point 

bending test, likely enabled by the additional plasticity in the metal layers, which gave 

an adhesion energy of 43 J/m2 at the SiC/Ti interface (Table 4.2) (see Supplementary 

information, figure S8 for the corresponding plateau and figure S9, for XPS scan of 

two delaminated sides). Overall, these results indicate that prior to graphitization, the 

SiC/Si reference structures (figure 4.7) lack a low-energy interface to allow crack 

propagation prior to beam fracture, and strongly imply a high adhesion energy between 

SiC/Si. 

 

Table 4.2 Results of four-point bend tests performed on reference Si/SiC structures. 

 
Stack Number 

of 
samples 
tested 

Number of 
samples 

with valid 
results 

Delaminated 
Interface 

Adhesion 
energy 
(J/m2) 

Si/SiC/Epoxy/Si  11 0 None  

Si/SiC/SiO2/Epoxy/Si 
stack 

10 0 None  

Si/SiC/Ti/Al/Epoxy/Si 
stack 

10 1 SiC/Ti 43 
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4.3.3 Failure analysis for DCB 

Following adhesion measurements, the delaminated interfaces were diagnosed using 

Raman spectroscopy, XPS, SEM and AFM to confirm the location of the debonding 

path. 

4.3.3.1 Raman                          

Figures 4.8(a) and 4.8(b) show the Raman spectra of side 1 and side 2 of the debonded 

interface. Side 1 has a silicon carbide longitudinal optical (LO) peak at 981 cm-1 in 

addition to a graphene D peak at ~1354 cm-1, G peak at ~1586 cm-1 and 2D peak at 

~2702 cm-1; therefore, it will be termed the graphene/SiC side. The very high D peak 

(figure 4.8) compared to that on the initial graphene on SiC sample (figure 4.4) 

represents an abundance of defects. 

On the other hand, the Raman spectra of the ‘side 2’ of the delaminated interface 

contain silicon peak at 977 cm-1 and graphene D peak at ~1353 cm-1, G peak at ~1602 

cm-1 and 2D peak at ~2706 cm-1, verifying the presence of the graphene on the epoxy. 

In ‘side 2’, the graphene peaks are masked by the contributions from the epoxy 

fluorescence underneath; therefore we will term it as the graphene/epoxy side. 

Figure 4.8 Raman spectra of the debonded graphene/SiC interface (a) side 1 (graphene/SiC 
side) and (b) side 2 (epoxy/graphene side). 
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4.3.3.2 XPS 

We performed XPS measurements on both sides of the debonded beams (figure 4.9) 

and the XPS spectra shows the deconvolution of the XPS C1s peaks from the debonded 

graphene/SiC interface (a) graphene/SiC side and (b) epoxy/graphene side. 

Here, we focussed on the three strongest peaks. For the SiC side, the relative bonding 

ratios were 24.6 % carbon sp2 bonding (the peak at 284.1 eV), 62.6 % SiC (the peak at  

 

(a) 

                                                                                                                                                               

                                                                     (b)   
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                                                             (c)                                                                   

 

283.0 eV) and 7.5% C-Si-O (the peak at 285.3 eV) (figure 4.9(a)). For the 

epoxy/graphene side, the relative bonding ratios were 30.8% carbon sp2 bonding (the 

peak at 284.5 eV), 34.9% SiC (the peak at 283.2 eV) and 18.6% C-Si-O (the peak at 

285.3 eV) (figure 4.9(b)). Therefore, XPS of the fracture sections demonstrated the 

presence of graphene, SiC and C-Si-O on both sides of the fracture.  

As a reference, we also performed XPS measurements on  ̴ 2 mm thick epoxy. Figure 

4.9(c) depicts the C1s XPS spectra which was split into two distinct peaks (284.5 eV, 

286.1 eV), which are attributed to the sp2 carbon and the carbon in C–OH bonds, 

respectively. Neither the SiC nor the C-Si-O peak, which are two major peaks in figure 

4.9(b), are present in epoxy. Therefore, in figure 4.9(b), only the peak attributed to 

graphene would have some contribution from the epoxy. 

Figure 4.9 The XPS of the debonded graphene/SiC interface (a) graphene/SiC side,  
(b) epoxy/graphene side and c) the XPS of Epo-Tek 353ND (~2 mm epoxy). 
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4.3.3.3 SEM 

The SEM image of the graphene/SiC side of the delamination indicates some 

micrometre-sized depressions, potentially corresponding to micrometre-sized hillocks 

on the opposite side (epoxy/graphene side). Since the XPS indicates the presence of 

SiC on epoxy/graphene side, we conclude that these micrometre-sized depressions 

correspond to the pull-out of SiC by a fraction of strongly adhered graphene and the 

corresponding hillocks represent the transfer of SiC patches on the epoxy/graphene side 

(see supplementary information, figure S2). 

4.3.3.4 AFM 

As for the SEM image, the AFM scans also reveal micrometer-scale hillocks on the 

epoxy/graphene side, with corresponding depressions being observed on the 

SiC/graphene side of the interfacial fracture. AFM depth profiles demonstrate that the 

height of the hillock is of the same order magnitude as the depth of the depression, and 

both are between 20-40 nm. Since the 20 nm of amorphous and crystalline SiC is 

present underneath the catalytic graphene [39], as discussed in section 4.3.1, we 

conclude that the transfer of a fraction of amorphous and crystalline SiC occurred from 

SiC/graphene side to graphene/epoxy side (see supplementary information, figure S3, 

for AFM line scan profiles of the two sides). 

The RMS roughness parameter from 20 μm × 20 μm region scans is 18 nm on both 

sides after fracture (SiC/graphene side and Epoxy/graphene side). Notably, the RMS 

roughness of the delaminated sides is lower than that of the starting graphene/SiC 

sample itself, which was 27 nm and therefore it can be concluded that surfaces have 

been smoothed by the fracture process. 
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4.4 Discussion 

Most studies on the adhesion of graphene are related to CVD graphene; for example 

CVD graphene adhesion on Cu seed [40-42, 118]  and on SiO2 substrate [32, 45, 125] 

have been studied by means of both DCB and blister testing. Although numerous 

studies have investigated the adhesion of CVD graphene on Cu foil and on SiO2 

substrate, little has been reported on the adhesion of an as-grown graphene. Therefore, 

a rigorous study of the adhesion energies of graphene and SiC substrate and its fracture 

behaviour is critical for any graphene-based device fabrication. We attempted in an 

earlier work to evaluate the adhesion of graphene/SiC (111)  with four-point bending 

testing, but could only conclude that the adhesion energy of the directly-grown 

graphene to be sensibly higher than the transferred one, as failure analysis was 

inconclusive [1].  

In this paper, we employed DCB and FPB tests, which are more reliable and 

reproducible than most other adhesion measurement techniques. For both of the tests, 

the required energy for delamination and the measured adhesion energy are well 

defined with minimal influence from residual stress of the thin film [115]. Here we 

report that the adhesion of graphene grown on SiC on Si– is 5.7 ± 0.7 J/m2 as measured 

by DCB testing. In addition, we report adhesion energy as high as 7.6 J/m2 using a four-

point bending test. Since the DCB specimen was loaded under pure opening mode 

(phase angle = 00), the shear stress and frictional force do not contribute to the 

measurement. Therefore, the measured fracture energy in the DCB testing estimates a 

lower boundary of adhesion of the graphene/SiC interface. On the other hand, under 

conditions of steady state crack growth (in the plateau region), the phase angle of 

loading (ratio of shear to normal stresses) for a four-point bending test is approximately 

43° [244]. In the four-point bending test, in contrast with a DCB test, the shear stress 
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and associated frictional force play a role in addition to the normal stress. Therefore, 

the additional energy dissipation through friction leads to a slight overestimation of 

adhesion for the four-point bending test.  

  

 

 

 

(b)  

(a)  

Figure 4.10 Schematic of interfacial fracture of highly rough graphene/SiC interface by 
a) a DCB test and b) a four-point bending test. 
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Since the XPS spectra suggested the presence of SiC on the epoxy/graphene side, we 

performed SEM and AFM in order to further investigate the debond path. SEM 

micrographs demonstrate the presence of depression in the SiC/graphene side and 

associated hillocks in the graphene/epoxy side, with sizes in the order of micrometers. 

The depth profiles by AFM indicate that the depth of the depressions and the height of 

the hillocks are between 20-40 nm; the same order of the thickness of the mixed 

amorphous and crystalline SiC layer present underneath the monolayer graphene [39]. 

The presence of a highly rough amorphous layer (RMS roughness is  ̴29 nm) along with 

the relatively high graphene/SiC adhesion may be responsible for the occasional pull-

out of  fractions of amorphous/polycrystallyne SiC material attached to a graphene 

grain, or groups of grains, as depicted in the schematic in figure 4.10.  

The Raman spectra and XPS demonstrate the presence of graphene on both sides of the 

fracture which imply that the graphene domains, with average domain size of around 

35 – 60 nm [39], have been distributed on both side of the fracture. These individual 

domains would have little variation in adhesion energy with some of the domains 

adhering strongly to the SiC substrate underneath and possibly debonding from the 

epoxy. 

While the epoxy conforms to the graphene, the high roughness (RMS roughness was 

around ~29 nm) would lead to micro voids at epoxy/graphene interface. Therefore, 

there is no contact between the epoxy and graphene where these micro voids are present 

and consequently graphene remains on silicon carbide after the fracture of the interface. 

Na et al. [42] also proposed micro-voids at the graphene/epoxy interface and as a result, 

some graphene domains could not be transferred from Cu to epoxy because of these 

micro-voids. Dauskardt et al. [244] also investigated the fracture of the TiN/ SiO2 
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interface which was highly rough and observed that SiO2 is present on both sides of the 

fracture. 

Unlike thermally decomposed graphene on SiC (0001), no buffer layer [121] is present 

between SiC(100) and catalytic graphene [39]. We propose that the observed high 

adhesion is correlated with 1) the high roughness of the SiC surface after graphitization 

and 2) the presence of chemical bonding at the interface, formed during the graphene 

growth.  

The high roughness (RMS roughness is ~29 nm) of the SiC surface is likely due to the 

diffusion of nickel into the SiC layer at high temperature (11000C) [36] and the 

subsequent formation of an intermixed layer of metal silicides [39] which were 

eventually removed by wet etch. This rough SiC surface underneath the graphene 

results in a larger effective area of interfacial contact, leading potentially to a higher 

adhesion as measured by DCB. Na et al. [42] have attributed the high Cu/graphene 

adhesion (6 J/m2) to the high roughness due to scratches and undulations scattered in 

Cu foil and to the overall high roughness of Cu foil (RMS roughness ~20 nm). 

However, the surface roughness should lead to a pronounced additional frictional 

component in the FPB testing, of which we did not obtain strong evidence. This is 

potentially because the delamination occurs by shearing off some of the highly 

interlocked regions, as demonstrated by the AFM and SEM failure analysis.  

An additional likely reason for the substantially higher graphene adhesion we observe 

is the formation of chemical bonds at the interface between graphene and 

electronegative oxygen in amorphous silicon carbide. XPS depth profiling exhibits 35 

at. % oxygen in the first 5 nm of depth, which includes the graphene and top SiC layer 

[39]. A similar type of bonding between amorphous SiOx surfaces and graphene has 

been reported by Das et al. [126] and Rodrigues et al. [56].   
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The Van der Waals bonding associated with exfoliated/transferred graphene is not 

sufficient to hold large-scale graphene on a single-crystal dielectric silicon substrate. If 

the adhesion between substrate and graphene is as low as in the case of exfoliated or 

CVD graphene, poor graphene-substrate adhesion [40, 45, 118, 119] will lead to shorter 

lifespan, break structural stability and result in unreliable performance. Moreover, the 

insufficient adhesion would render the wafer-level fabrication of electronic, photonic, 

mechanical, optoelectrical or electromechanical devices extremely challenging. Direct 

(in-situ) growth of graphene grown from silicon carbide on silicon [1, 36] can 

overcome these limitations and high adhesion energies of good quality monolayer 

graphene will pave the way toward large scale wafer level production of highly reliable 

graphene-based devices. 

4.5 Conclusion 

We have, for the first time, directly measured the adhesion energy of large-area 

monolayer graphene as-grown on a silicon carbide substrate on silicon by DCB and 

four-point bending tests. In both cases, the transfer of monolayer graphene domains 

were confirmed by failure analyses such as Raman spectroscopy and XPS. DCB 

geometry was used to determine mode I fracture toughness (phase angle 00) whereas 

FPB was used to determine mixed mode fracture toughness (phase angle approximately 

430). The DCB test, with phase angle 00, was used to determine mode I fracture 

toughness and the estimated adhesion energy of graphene grown on SiC on silicon was 

5.7 ± 0.7 J/m2. The four-point bending test estimated adhesion energy as high as 7.6 

J/m2. Therefore, we conclude that the adhesion energy between graphene and silicon 

carbide is strongly dependent on the fracture mode-mix. The higher measured adhesion 

in four-point bending test can be attributed to the energy dissipation through friction. 
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We believe that the measured high adhesion of catalytic graphene on SiC on Si is 

correlated with the highly rough SiC surface under the graphene that increases the 

effective area for bonding and also due to the chemical interaction between the 

electronegative oxygen atom of oxidized amorphous SiC and carbon atom of graphene 

layer [56]. Our study demonstrates that the in-situ catalytic graphene as-grown on 

silicon carbide on silicon offers fivefold improvement over the adhesion of CVD or 

exfoliated graphene on silicon or silicon dioxide substrate. High adhesion energies of 

catalytic graphene will ensure reliability of micro- and nano- graphene-based devices 

over long period and will pave the way to realise large scale, wafer level production of 

graphene-based devices.  
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Supporting Information of: 

Ultrahigh adhesion of epitaxial graphene on SiC on Si 
 

1. AFM line scan profile of SiC surface before and after graphitization 
2. Failure analysis for DCB test 
    2.1 SEM 
    2.2 AFM 
3. Failure analysis for FPB test 
     3.1 Raman 
     3.2 XPS 
     3.3 SEM 
     3.4 AFM 
4. Reference 
     4.1 The successfully delaminated sample plateau 
     4.2 Failure analysis of delaminated sample 
     4.3 Load displacement curves representing breaking of the beam without any 
plateau 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     



 

119 
 

 
1. AFM line scan profile of SiC surface before and after graphitization 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1 AFM line scan profiles of (a) as-grown silicon carbide film on silicon and (b) graphene on 
silicon carbide film on silicon. 
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2. Failure analysis for DCB test 
2.1 SEM 
 

 
 

(a) 
 

 
 
                                                                    (b) 
Figure S2. The SEM image of the fracture structure of graphene/SiC interfacial 
region following the DCB test (a) graphene/SiC side and (b) epoxy/graphene side. 

 
 
 
 
 



 

121 
 

2.2 AFM 

 
Figure S3. The AFM line scan profiles of the fracture structure of the SiC/graphene 

interface after the DCB test, (a) SiC/graphene side, (b) graphene/epoxy side. 
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3. Failure analysis for FPB test 
 

Failure analysis suggest that the debonding path in a four-point bending test is similar 

to that of the DCB test.  

 
3.1 Raman 
 

 
                                                                      (a) 
 
 

 
                                                                       (b) 

Figure S4 The Raman spectra of the debonded graphene/SiC interface (a) side 1 

(graphene/SiC side) and (b) side 2 (epoxy/graphene side). 
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3.2 XPS 
   
 
 
 
 
 
 
 
 
 
 
 
 
                                                      

                                                                           (a) 

 

 

 

 

 

 

 

 

 

 

 

                                                                             (b) 

Figure S5. The XPS of the debonded graphene/SiC interface (a) graphene/SiC side and 

(b) epoxy/graphene side. 
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3.3 SEM 
 

 
(a) 

 

 
  
                                                                  (b) 
Figure S6. The SEM image of the fracture structure of the graphene/SiC interfacial 
region (a) graphene/SiC side and (b) epoxy/graphene side. 
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3.4 AFM 
 
   

 
 
 
Figure S7. The AFM line scan profiles of the fracture structure of the SiC/graphene 

interface, (a) SiC/graphene side, (b) graphene/epoxy side. 

 

 

 

 

 

 

 



 

126 
 

 

 

4. Reference 
     4.1 The successfully delaminated sample plateau 

 
 
 

Figure S8. The successfully delaminated sample plateau for Si/SiC/Ti/Al/Epoxy/Si 
stack.   
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4.2 Failure analysis of delaminated sample 

 
(a) 
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                                                                    (b) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 

Figure S9. a) The XPS of successfully debonded reference sample for Si/SiC/Ti/Al/Epoxy/Si 
stack a) SiC side and b) Ti side. 
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4.3 Load displacement curve representing breaking of the beam without any 
plateau 

 
(a) 

 

         
(b) 

Figure S10 (a) and (b) Examples of the measurements representing breaking of 
the beam without any plateau, likely due to the absence of low-adhesion interface. 
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Chapter 5–Mechanical Performance of Graphene on Cubic 
Silicon Carbide Membrane Resonators on Silicon 

 

5.1 Introduction 

Epitaxial cubic silicon carbide (3C-SiC) on silicon (Si) is an outstanding mechanical 

material and can act as a solid carbon source and template for the direct growth of 

graphene, allowing for easier fabrication and higher adhesion between graphene and 

silicon carbide (SiC), as compared to graphene transferred on silicon nitride. We have 

reported the adhesion energy of 5.7 J/m2 between graphene and SiC (chapter 4), which 

is fivefold higher than that of transferred graphene on SiO2 [32]. 

Microresonators are an excellent platform for realizing miniaturized gravimetric 

biological/chemical sensors with very high sensitivity [152, 156]. Epitaxial SiC, having 

high thermal conductivity, electrical stability, resistance to radiation, Young modulus 

to density ratio and hardness, is suitable for use at high temperatures and in harsh 

environments [156, 248-251]. 3C-SiC on silicon Si is one of the most promising 

material candidates for mass resonant sensing applications due to its excellent 

mechanical properties, tunable tensile stress and easy fabrication [250, 252]. The 

factors that influence the sensitivity of the resonators are the mechanical quality factors 

(Q) and natural resonant frequencies (f0) [253]. Our research group has shown that very 

high frequency quality factor (f0 Q) values (~1012 Hz) can be achieved through 

epitaxial SiC microstrings, exceeding the state-of-the-art silicon nitride (Si3N4) strings 

[168]. Our research group has also closely analyzed the factors influencing this product, 

including material properties, resonator geometry, clamping, and ambient pressure 

[44].  
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For the electrical actuation and readout of the SiC membrane resonator, a deposition of 

a conductive layer on top is necessary. However, it is well-known that the addition of 

even a thin conventional metal layer on the microresonator surface results in a 

considerable Q reduction and increased mass [254]. For example, a Q reduction of at 

least four times was reported from the metallization of Si3N4 through conventional 

metal layers of 5 nm thickness or above [255]. This damping can be mitigated by 

removing the metal from the resonator’s clamping regions, but with the cost of adding 

difficulty to the fabrication and integration steps [256]. 

 Novel materials need to be used as efficient conductive layers in order to reduce the 

metal damping due to plastic dissipation in conventional metals [257]. Graphene, as 

the thinnest, strongest and most conductive material available, is well suited for 

microelectromechanical systems (MEMS), and for the actuation and readout purposes 

of the micro-resonator [149, 155, 162, 171, 258]. Lee et al. [257] have shown that CVD 

graphene could be used as a metal replacement on a silicon nitride (Si3N4) membrane 

resonator surface and that the Q of the silicon nitride (Si3N4) membrane is only mildly 

degraded (~30% reduction). However, the reported adhesion of CVD graphene after 

transferring to different substrates is reported to be between 0.151 to 1.02 J/m2 [32, 40, 

45, 118, 119], which is not sufficient for wafer level fabrication of graphene coated 

membrane resonators. 

As-grown graphene, with superior adhesion compared to CVD graphene, is a suitable 

coating material for replacing the metal coating in mechanical resonators for actuation 

and readout purposes. However, no work has been done to investigate the influence on 

the Q-factor when as-grown graphene is present on a SiC membrane resonator. In this 

article, for the first time, we make a comparison between the f and Q of uncoated SiC 

membranes, transfer-free monolayer graphene on SiC membranes, and a conventional 



 

132 
 

metal layer on SiC membranes of similar geometries. We illustrate how the use of 

graphene as a metal replacement can help to reduce the damping of conventional 

metals. This research is significant since both SiC [259, 260] and graphene [261] have 

a very high degree of biocompatibility and can hence be used for biosensing. 

5.2 Materials and methods   

5.2.1. Materials  

3C-SiC films were deposited on a Si(100) wafer in a hot-wall horizontal low-pressure 

chemical vapour deposition system at 1000 °C, using propene and silane gases [262]. 

The film thickness was measured using a Veeco Wyko NT1100 optical profilometer 

with a 1Å resolution, assuming a refractive index of 2.65 for epitaxial SiC [263]. We 

measured the Young’s modulus of a 1μm thick SiC film to be 330 GPa using Hysitron 

Triboindenter nanoindentation [264]. We also measured the residual mean stress of SiC 

with a Tencor Flexus 2320 curvature measurement system with nm resolution via a SiC 

etch-back process, as explained in our previous work [265, 266].  

The metallic and graphene (G) layers were deposited or grown on SiC prior to the 

lithography stages. We produced monolayer graphene (G/SiC) with a thickness of ~1 

nm on SiC films using our previously reported alloy-mediated (nickel and copper) 

catalytic approach [1, 36]. We first sputtered a double layer of Ni (thickness: 9 nm) and 

Cu (thickness: 12 nm) on the SiC surface. Next, we annealed the sample in a Carbolite 

HT furnace for 60 min at 1100 °C and ~10-3 -10-4 mbar for graphitization. Finally, we 

performed wet chemical etching [36] for metal removal and to obtain monolayer 

graphene on the SiC. We assessed the quality of the graphene using a Renishaw InVia 

micro-Raman system with an excitation wavelength of 514 nm.  
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5.2.2. Fabrication 

We fabricated a series of membranes denoted as SiC, Ni-Cu/SiC, G/SiC and G/e-SiC 

respectively, as explained in Table 5.1.  

Table 5.1 Description of each type of fabricated silicon carbide membrane. 

Name of the Membrane Description 

SiC Silicon carbide membrane that has no 

coating or overlayer. 

Ni-Cu/SiC Silicon carbide membrane with metal 

(nickel and copper) overlayer. 

G/SiC Graphene coated SiC membrane where no 

etching on SiC has been performed. 

G/e-SiC A thinner silicon carbide membrane with a 

graphene coating. The ‘G/SiC’ membrane 

transforms into ‘G/e-SiC’ membrane after 

etching is performed. 

 

We first synthesized the graphene on 1x1 cm2 wafer slide of SiC (100) on Si, as shown 

in figure 5.1(a) and explained in Section 5.2.1. Then, the ~25 μm thick photoresist (AZ 

40 XT) was deposited on the back side of the wafer slide (figure 5.1(b)) and developed 

using a mask (figure 5.1(c)). The resulting photoresist pattern acts as a protective mask 

during the DRIE process. The unprotected area in the wafer was etched using the 

VersalineTM DRIE (Plasma-Therm, USA) system, using C4F8 and SF6 as reactive gases. 

This process allows the etching of 530 μm of silicon so as to leave a silicon carbide 
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layer of ~300 nm thickness, as shown in figure 5.1 (d). Thus, we fabricated graphene 

coated 300 nm thick SiC membranes (G/SiC) with radius of 440 μm (figure 5.1(d) 

and figure 5.2(a)). To further improve the Q, we performed a partial etch-back process 

of the silicon carbide on an equivalent G/SiC membrane (G/e-SiC) by DRIE (figure 

5.1(e)). This removed the highly defective bottom part of the silicon carbide film to 

improve the overall crystal quality (figure 5.1(e) and figure 5.2(b)). Subsequently, in 

order to isolate the effect of the graphene coating on the Q-factor of the resonator, the 

catalytic graphene coating was removed by 35sccm O2 plasma treatment for 30 min to 

obtain a SiC membrane without graphene (figure 5.1(f)). 

 

Figure 5.1 Fabricating SiC membranes with radius of 440 μm with an in-situ graphene 
coating: (a) as-grown catalytic graphene on SiC, (b) deposition of the photoresist on 
the back of the wafer slide, (c) the protective mask of photoresist obtained after the 
development, (d) Si anisotropic etching by DRIE, (e) SiC anisotropic etching by DRIE, 
(f) last step—the removal of the graphene from a partially etched graphene coated SiC 
membrane using O2 plasma. 
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Figure 5.2 Side view schematic of the fabricated samples with radius of 440 μm a) 
Graphene coated silicon carbide membrane, b) Graphene coated SiC membrane after 
backside etching. c) Silicon carbide membrane, d) Ni-Cu coated SiC membrane. 

 

Figure 5.2 shows the side view schematic of all membranes with radius of 440 μm, 

fabricated by using the lithography steps as in figure 5.1 and using DRIE. Figures 5.2(a) 

and 5.2(b) are equivalent to figures 5.1(d) and 5.1(e) respectively. We fabricated a 300 

nm thick SiC membrane without coating (figure 5.2(c)). Likewise a 300nm thick Ni-

Cu/SiC membrane was prepared by depositing a 20 nm thick Ni-Cu overlayer on top 

of 280 nm thick silicon carbide (figure 5.2(d). 

In order to compare the mechanical properties of graphene coated resonators, we also 

fabricated SiC membranes with radius of 1500 μm. By DRIE, 530 μm of silicon was 

etched for fabricating  540 nm thick SiC membranes of radius of 1500 μm (figure 

5.10(a)). A partial etch-back DRIE process was used to fabricate 270 nm thick SiC (e-

SiC) membrane (figure 5.10(b)) and graphene coated  270 nm thick SiC (G/ e-SiC) 

membrane (figure 5.10(c)) with radius of 1500 μm.  
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5.2.3. FEM simulation  

We simulated the fundamental out-of-plane mode f of the silicon carbide membranes 

through finite element modelling (FEM) analysis, using the COMSOL Multiphysics 

software. We input silicon carbide properties, including our experimentally measured 

Young modulus and residual gradient stress, density of 3.21 gcm-3, and Poisson’s ratio 

value of 0.267 [250, 267] into the COMSOL Multiphysics software for this purpose. 

We also added the measured residual gradient stress by subdividing the SiC membrane 

model into multiple layers according to our measured stress profile, as shown in [265].  

5.2.4. Optical measurements  

The fundamental out-of-plane mode mechanical resonance f measurements were 

performed at room temperature under vacuum (~10-7 mbar) using all-fibre Mach-

Zehnder optical interferometry (figure 5.3) [268] with piezo-electric actuation. The Q 

factors were collected using the free ring-down method [269] as described elsewhere 

[44].  

 

           Figure 5.3 Optical measurement setup using Mach-Zehnder interferometer 
[270]. 
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5.3 Results 

Figure 5.4 shows the Raman spectrum of the as-grown catalytic graphene on SiC (100) 

film with the graphene D-band (at ~1355 cm-1), G-band (at ~1584 cm-1) and 2D-band 

(at ~2708 cm-1). The higher intensity of 2D-band, compared to G-peak, intensity (I2D/IG 

= 1.2) and the transmission electron microscopy (TEM) image, suggest the presence of 

monolayer graphene [1, 33]. 

 

Figure 5.4 Raman spectroscopy of graphene on SiC film. 

 

Figure 5.5 SEM images of G/SiC(100) membrane a) Top view and b) Tilted view. 

As mentioned previously, the membranes were released through an anisotropic Si 

backside etching process, DRIE. The steep profile and the sharp edge (figure 5.5) of 

the membranes are attributed to the anisotropic nature of the DRIE process, and are 

better than the rounded etching profile of silicon in the vicinity of the SiC membrane 
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when isotropic etching such as XeF2 is used [271]. Therefore, perfect clamping was 

achieved and energy dissipation from the clamping boundary to the Si substrate was 

minimized with moderate Q at fundamental mode. Table 5.2 shows the measured f and 

Q factors of released SiC, Ni-Cu/SiC, G/SiC, and G/e-SiC membranes of 440 μm radius 

in high vacuum. For comparison, the fundamental resonance frequency (fs) is predicted 

from the FEM analysis using the same membrane geometries. Table 5.3 shows the 

measured f and Q factors of three types of membrane (SiC, e-SiC, and G/ e-SiC), each 

of 1500 μm radius in high vacuum. 

 

Table 5.2 Optically measured f and Q for the SiC membrane having radius of 440 μm, 
with and without the graphene in high vacuum (~10-7 mbar). 

 

No. Sample 
Thickness 

(nm) 

f  

(kHz) 

F 

simulation 

(kHz) 

Q 

(a) SiC 300 180 180-195 10763 ± 536 

(b) Ni-Cu/SiC 300 168  .... 1050± 350 

(c) G/SiC 300 173 180 5062 ± 387 

(d) G / e-SiC ~170 153 152-155 27106±758 

 

         Note: Graphene thickness is ~1 nm and the Ni-Cu thickness is ~20 nm 
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Table 5.3 Optically measured f and Q for the SiC membrane having radius of 1500 μm, 
with and without the graphene in high vacuum (~10-7 mbar).  

 

No. Sample 
Thickness    

(nm) 

f  

(kHz) 
Q 

(a) SiC ~540 45.65 1132± 99 

(b) e-SiC ~270 64.72 11148± 357 

(c) G/ e-SiC ~270 54.90 6110± 381 

 

5.4 Discussion 

5.4.1 Resonant frequency 

For a clamped membrane under tensile stress σ, with a density ρ and negligible bending 

stiffness, its natural resonant frequencies in a vacuum are [272-275] 

where, the constant Km,n is a constant depending on the mode indices (m, n) and for a 

circular membrane, Km,n is the n-th positive root of the m-th order Bessel function, E is 

the Young’s modulus, ε is the strain in the membrane. 

Equation (5.1) demonstrates that resonant frequency is proportional to the square root 

of effective Young’s modulus of graphene coated SiC membrane. Effective Young’s 

modulus of the graphene/ SiC biomaterial is [276], 

E
a
mnK

a
mnK

mnf 2
,

2
,

,
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                                                                              (5.2) 

where E1 and E2 are Young’s moduli for SiC and graphene; and h1 and h2  are 

thicknesses of SiC and graphene respectively. 

 

Figure 5.6 Plot of effective Young’s modulus in G/SiC biomaterial membrane at 
different SiC thickness. 

 

Assuming the Young’s modulus of the graphene is 1 TPa [6], catalytic graphene 

thickness is 1 nm [1], SiC Young’s modulus is 330 GPa [264]  and that there is varying 

SiC thickness from 1 nm to 300 nm, the effective Young’s modulus of G/SiC 

membrane could be estimated as a function of SiC thickness (figure 5.6, Appendix C). 

The effective Young’s modulus vs SiC thickness plot demonstrates that we can tune 

the effective Young’s modulus and hence the resonant frequency of the G/SiC 

membrane by varying SiC thickness. At SiC thickness below 50 nm, a significant 

increase in resonant frequency will occur due to the higher effective Young’s modulus 

of the membrane. However, Young’s modulus of the fabricated graphene coated SiC 
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membranes in this paper are primarily dominated by SiC Young’s modulus because of 

the relatively high thickness of SiC compared to graphene. 

The measured f for the SiC (100) membrane is in good agreement with the FEM 

simulation result (fs) as can be seen from Table 5.2. Comparing samples (a) and (c) of 

Table 5.2, we can observe that the addition of the graphene layer slightly decreases the 

frequency of the membrane, which could be attributed to a decrease in tensile stress 

after graphitization. Comparing samples (a) and (b) of Table 5.3, we can observe that 

the reduction in the thickness of the silicon carbide layer by backside etching slightly 

increases the frequency of the membrane, which could also be attributed to the increase 

in tensile stress due to the removal of highly compressive SiC layers at and near 

interface [265]. 

5.4.2 Q-factor comparison 

 

Figure 5.7 Q-factor analysis of fabricated SiC membranes having 440 μm radius. 
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We observe that the Q-factor of the SiC membranes is clearly affected by the graphene 

coatings. The Q is reduced by a factor of 2 (from 10763 to 5062) when the SiC 

membrane (figure 5.7(a)) is coated with graphene (figure 5.7(b)). On the other hand, 

the metal coating (figure 5.7(c)) reduces the quality factor of the membrane by almost 

one order of magnitude (from 10763 to 1050) when its Q is compared to that of the 

uncoated membrane (figure 5.7(a)). This shows that the influence of a graphene coating 

on the Q of the SiC membrane is substantially smaller as compared to the influence 

when using a ~20 nm thick Ni-Cu coating. The reason for this is most likely linked to 

the small thickness and low mass of graphene. Consequently, with the addition of the 

graphene coating, we can preserve the mechanical properties of SiC to a good degree 

as compared to using conventional metal coatings.  

The 50% reduction in the Q-factor of graphene coated SiC membrane (G/SiC) is most 

likely linked to the additional surface losses due to increased roughness. The graphene 

coated SiC membrane (G/SiC) demonstrates at least a twofold increase in roughness 

[39] compared to bare SiC membrane and therefore surface loss [246, 277] is expected 

to be much higher in the case of a G/SiC membrane resonator compared to a SiC 

membrane resonator.  

We have previously reported that an amorphous layer was formed during the 

graphitization process at the top portion of the crystalline SiC film and below the 

graphene layer. We have shown a TEM image of the amorphous layer in [39], where 

its influence on the overall crystal quality is evident. Therefore, unlike a bare SiC 

membrane, the G/SiC membrane has a ~20 nm amorphous and crystalline SiC layer 

underneath the graphene [39] and this material imperfection (grain boundaries) will 

lead to increased internal friction loss [156]. 
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Figure 5.8 Schematic for removing graphene by oxygen plasma in order to get the SiC 
membrane containing amorphous and crystalline SiC layer on top. 

 

We investigated the influence of the amorphous layer in a G/SiC membrane resonator 

(Q = 5062) by removing graphene (figure 5.8a). We found that the removal of catalytic 

graphene from a G/SiC membrane by oxygen plasma increases Q to 9490 (figure 5.8b). 

As a result of additional dissipation in the amorphous layer, the SiC membrane obtained 

after the graphene removal, demonstrates a lower Q-factor compared to a bare SiC 

membrane (9490 vs. 10763) (figure 5.8b vs figure 5.8c).  

5.4.3 Q-factor improvement 

 

 

 

 

 

Figure 5.9 Schematic for improving Q-factor by backside etching of SiC membranes. 

 

The Q-factor of graphene coated SiC membrane (figure 5.9(a), redrawn from figure 

5.7(b)), can be further improved by removing the SiC film from its backside (figure 

Defective Part removed 

170 nm SiC 

Q = 5062 

   (a) 

Q = 27642 

    (b) 
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Backside  
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5.9(b), redrawn from figure 5.7 (d)) and a five-fold increase in Q (from 5062 to 27642) 

has been observed. We can attribute this effect to several factors.  

First, an improvement in Q can be linked to the reduction in the SiC film thickness (by 

~130 nm) since the membranes are strongly limited by clamping loss (1/Qc) and the 

clamping loss is directly proportional to the membrane aspect ratio (thickness/diameter: 

t/D) [272, 278].  

                                 ,                                      (5.3)                                 

where,  is the tensile stress and A is the prefactor associated with clamping loss that 

depends on the mode number of the resonator (n = azimuthal mode number, m = radial 

mode number). We estimated that the clamping loss is improved in sample (b) in figure 

5.9 by a factor of 1.76 as compared to sample (a) in figure 5.9. 

Secondly, although the reduction in thickness of SiC membrane causes a reduction in 

clamping loss by a factor of 1.76, it alone cannot explain the five-fold increase in Q 

(from 5062 to 27642). Therefore, the improvement in Q of 170 nm for SiC membrane 

(sample (b) of figure 5.9) may be correlated to the reduction of material losses by 

removing the interfacial portion of the SiC film from its backside. The quality of the 

thin hetero-epitaxial SiC on Si films is greatly influenced by the extensive number of 

crystal defects (stacking faults and twins) [279] nucleated close to the growing surface, 

due to the large lattice mismatch between the SiC film and the silicon substrate. The 

initial few tens of nanometers of SiC have the highest defect density and the film 

relaxes as thickness increases [264, 265]. This would result in high energy dissipation 

near the initial Si/SiC interface region, which greatly affects the value of Q. 

As a third potential factor for the improvement of the Q-factor, after performing the 

backside etching of the membrane, the highly compressed nanolayer at the silicon 
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carbide/silicon interface is likely removed [265] so that the mean stress becomes more 

strongly tensile, causing an increase of the Q factor by damping dilution [156].  

Therefore, after removing 130 nm from the backside, the Q-factor of 440 μm radius, 

170 nm thick G/e-SiC membrane becomes as high as 27642, which is significant 

because resonators made solely of graphene demonstrate a poor quality factor 

(Q<3000) [148]. On the other hand, Barnes et al. [280] measured the Q-factor of a 

500nm × 1mm × 1mm dimension SiC membrane as 26,500. The obtained Q factors in 

Table 5.2 and Table 5.3 are still much lower than the values we have previously 

reported for the SiC strings [44], probably due to the additional clamping losses 

associated with a membrane compared to those associated with a string. However, the 

membrane Q can be enhanced by selecting the appropriate mode shape, reducing the 

thickness of the membrane and improving the crystal quality to reduce material losses. 

The clamping loss can be reduced by using higher vibrational modes, since the 

fundamental mode is more sensitive to clamping loss [257, 272].  

 

Figure 5.10 Q-factor analysis of fabricated SiC membranes having 1500 μm radius. 

SiC membrane and graphene coated SiC membrane with 1500 μm radius demonstrate 

mechanical properties similar to those of 440 μm radius membrane. Comparing 

samples (a) and (b) of figure 5.10 (~540 nm vs ~270 nm thickness), we conclude that 

removal of the defective portion from the backside of the SiC film along with the 

ensuing simultaneous thickness reduction, resulted in a ten-fold increase in Q (11148 
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vs. 1132). The Q-factor of the graphene coated 1500 μm radius SiC membranes reduces 

by a factor of two (11148 vs. 6110) (figure 5.10), in line with the previous measurement 

with 440 μm membrane. 

5.4.4 Advantage of catalytic graphene over transferred graphene coating 

In the case of transferred graphene such as CVD graphene, relocating the graphene 

onto an appropriate substrate is needed for device fabrication [5]. This involves a 

number of additional steps and therefore poses an inconvenience. For example, in order 

to fabricate graphene-coated Si3N4 membrane resonators as fabricated by Lee et al. 

[257], the steps for transferring CVD graphene from the Cu foil to the Si3N4 membrane 

resonator need to be followed as shown in figure 5.11. First, the PMMA (polymethyl 

methacrylate) is spin-coated on top of the graphene/Cu stack and then the PDMS stamp 

is pressed over it. The resulting stack is wet-etched to remove the previous copper 

substrate. The stack is then gently pressed against the Si3N4 membrane on Si substrate, 

and two additional steps are needed to remove PDMS and PMMA. This cumbersome 

transfer process causes inconvenience in fabricating a graphene-coated Si3N4 drum 

resonator. In this regard, the catalytic graphene is advantageous over CVD and other 

forms of transferred graphene because it is grown on a wide bandgap SiC substrate 

without the need of any transfer [257]. 
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(a) 

 

(b) 

Figure 5.11 a) Schematic of steps associated with the transfer of CVD graphene on 
Si3N4 membrane [257], b) For catalytic graphene, graphene transfer is not needed [36]. 

 

For a membrane resonator coating made of transferred graphene, the adhesion of 

graphene with substrate is 0.151 to 1.02 J/m2 [32, 40, 45, 118, 119, 125], which is not 

strong enough to guarantee sufficient mechanical reliability of transferred graphene-

based devices. Our approach has adhesion as high as 5.7 J/m2 between catalytic 

graphene and SiC as indicated by DCB testing; therefore sufficient adhesion is ensured 

in the catalytic graphene coated silicon carbide membrane resonator. 

5.5. Conclusions  

Silicon carbide micro-gravimetric biological/chemical sensors with high sensitivity are 

extremely promising as mass sensors. SiC is a preferred material because it acts as a 

template for graphene growth, is useful for harsh environments, high temperature 

applications and is biocompatible. Deposition of a conductive layer on top of the 

resonator is needed for enabling the electrical actuation and readout of a SiC membrane 

resonator. In this work, we have compared the Q–factor of metal over layer on SiC to 
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that of an alternative conductive coating, graphene. We have demonstrated that the ~20 

nm thick Ni-Cu metal overlayer reduces the Q by almost one order of magnitude, 

whereas the SiC membrane Q decreases by only a factor of 2 when using graphene as 

the metal layer. The result is significant because unlike the transferred graphene coating 

on Si3N4 membrane, the as-grown catalytic graphene ensures adequate adhesion 

(Chapter 4) and therefore the graphene coated SiC membrane would be mechanically 

reliable. In order to improve the Q-factor of the graphene-coated silicon carbide 

membrane, a highly defective part and also the most compressively stressed portion 

was removed at the SiC/Si interface, and the thickness of the SiC membrane was 

reduced, enabling us to achieve a Q-factor of up to 2.7x104. The Q-factor could be 

further improved by reducing clamping loss through selecting appropriate membrane 

size and mode number. The damping in catalytic graphene coated resonators could 

potentially be further decreased by reducing the roughness of the SiC after 

graphitization.  
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CHAPTER 6–CONCLUSION 

 

Until recently, no transfer-free techniques were available to grow large area monolayer 

graphene on silicon carbide on silicon, precluding any precise evaluation of adhesion 

between the grown graphene and its substrate.  

In this thesis, the use of a Ni/Cu alloy-mediated process for the direct growth of 

monolayer graphene over large areas on cubic silicon carbide films on silicon (3C-

SiC/Si) substrate has enabled us to perform double-cantilever beam (DCB) testing to 

assess the adhesion of graphene grown on 3C-SiC/Si wafers.  

We have found the adhesion energy of the monolayer graphene to be 5.7 ± 0.7 J/m2. 

This value indicates a five-fold higher adhesion for graphene, compared to that of 

transferred graphene onto a silicon dioxide (SiO2) on silicon substrate, which is 1.02 

J/m2 or lower [32, 45].  The adhesion between transferred graphene and the underlying 

substrate originates predominantly from van der Waals forces. In the case of the 

graphene grown on a SiC/Si heterostructure, we suggest that the ultrahigh 

graphene/substrate adhesion is the result of two aspects. Firstly, the higher interface 

roughness, increasing the effective area for bonding and secondly, the presence of 

chemical bonding between the electronegative oxygen atoms of the oxidized silicon 

carbide and the carbon atoms of the graphene layer, formed during graphene growth 

[56,126]. The ultrahigh adhesion between graphene and 3C-SiC is of great relevance 

for ensuring reliability of future graphene-based devices and underpins the realisation 

of large scale, wafer-level device fabrication. 
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We have hence fabricated graphene/SiC membrane resonators with wafer-level 

processes. Typically, conventional metal layers are needed on resonators for actuation 

and readout purposes. However, the metal layers introduce significant damping/losses 

to the mechanical response of the resonators [254]. Reducing such losses by using 

graphene as a conductive layer has been proposed as an alternative [257], however the 

poor adhesion of transferred graphene to the underlying substrate is a major barrier for 

practical implementation. We have demonstrated that the Q-factor of a SiC membrane 

decreases by a factor of ten when a ~20nm Ni/Cu metal overlayer is deposited on SiC 

membrane resonators. On the other hand, when graphene overlayer is grown on SiC, 

the Q-factor of the membrane decreases by only a factor of two.  

Therefore, thanks to the strong adhesion between the grown graphene and its 3C-SiC 

on silicon substrate, graphene-coated SiC membrane resonators are particularly 

promising candidates for chemical sensors. Moreover, these devices have practical 

significance as both SiC [259, 260] and graphene [261] have a very high degree of 

biocompatibility and hence could be used for biosensing. 

 

Future suggested research lines are: 

 A systematic study of the influence of different environmental parameters such as 

temperature and humidity on the adhesion of catalytic graphene on silicon carbide, with 

particular regard to the indication of potential corrosion protection granted by graphene 

on the defective silicon carbide material. 

 The ultrahigh adhesion of the graphene demonstrated in this thesis should be utilized 

towards the fabrication of reliable mechanical, electrical, electromechanical, optical 

graphene-based devices on 3C-SiC/Si. For example, the electrical actuation and 
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readout of a silicon carbide membrane resonator through a graphene overlayer could 

be demonstrated. 
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APPENDIX A – MECHANISM FOR METAL ASSISTED 

CATALYTIC GRAPHENE SYNTHESIS 

 

 

 

Figure A1 Schematic of the alloy-mediated catalytic graphitization mechanism. 

(adopted from Mishra et al. [39]) 

 

In alloy-mediated catalytic graphitization process [1, 39], nickel and copper is 

deposited atop of 3C-SiC/Si wafer, placed in the furnace and the temperature is 

gradually increased to 1100°C at moderate vacuum (~10-3-10-4 mbar). After that, 

sample is annealed for 1 hour, leading to the formation of graphene on top of 3C-SiC 

film. Physical and chemical analyses suggest that the alloy-mediated graphitization 

comprises of three intermediate stages: (1) oxidation of Ni, (2) oxidation and 

amorphization of the top few tens of nm of SiC layer, accompanied by the release of 

atomic carbon (result of reaction between SiC and Ni), and (3) formation of the 

graphene layer on SiC layer by means of the catalytic action of Cu [39].  

(1) Oxidation of Ni 

As the temperature in the furnace rises to ~400 °C, Ni starts reacting with oxygen and 

Ni(II) oxide forms [1,39]. 
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(2) Amorphization, oxidation of SiC and release of carbon 

 At temperature between 400°C–750°C, Ni and NiO diffuses into uppermost part of the 

crystalline 3C–SiC film, resulting in the weakening of Si–C bonding. Above ~750 °C, 

the Ni/NiO reacts with SiC, releasing atomic carbon. In addition, a layer consisting of 

amorphous and crystalline SiC is formed underneath the atomic carbon [1,39] (figure 

A1). The amorphous region (~20 nm) is highly oxidized containing ~20–25% oxygen, 

confirmed by HRTEM, ToF-SIMS depth profile and high-resolution synchrotron XPS 

data [39]. Furthermore, an intermixed layer (NiSi2 +Ni + Cu + atomic carbon) is formed 

atop of atomic carbon. 

 

(3) Graphene layer formation. 

At 1100 °C, the melted Cu diffuses to the bottom of the liquid intermixed layer due to 

its relatively lower density, serving as a pseudo Cu foil. Being a very efficient catalyst 

for graphitization, Cu plays a crucial role in the fast precipitation of a monolayer 

graphene on the top and bottom surfaces of Cu. The presence of molten silicide and Cu 

enables a liquid phase epitaxy of graphene [1,39] whereas the absence of grain 

boundaries of melted Cu assist in achieving self-limiting graphitization [1,39]. Finally, 

using the Freckle etch solution, the intermixed layer along with the excess carbon on 

top is removed, leaving a single layer graphene on SiC layer on Si.  

In summary, the synergistic combination of the catalytic actions of nickel, oxygen and 

copper leads to the formation of a monolayer graphene on the top surfaces of the SiC 

with superior uniformity and quality [1,39].  
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APPENDIX B - MASK FOR FABRICATING MEMBRANES 

We designed a 7 inch masks by intellimask software containing two types of 

membranes of diameter 440 μm and 1500 μm as shown below.  
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APPENDIX C: MATLAB CODE FOR ESTIMATING EFFECTIVE 

YOUNG’S MODULUS OF GRAPHENE/SIC BI-MATERIAL  

%h1 = [1*10^-9,300*10^-9,10000]; 

h1_ary=1e-9:1e-9:300e-9; 

h2=1e-9; 

E2=1e12; 

E1=330e9; 

idx=0; 

x_ax=zeros(1,length(h1_ary)); 

y_ax=x_ax; 

for h1=1e-9:1e-9:300e-9 

    idx=idx+1; 

    m1=(E1*h1+E2*h2)*1/12*(E1*(h1^3+3*h1*h2^2)+E2*(h2^3+3*h1^2*h2))-

(h1*h2*(E2-E1)/2)^2; %write the function 

    m2=(1/12*E1*(h1^3+3*h2^2*h1)+1/12*(h2^2+3*h1^2)*E2*h2)*(h1+h2); 

    Er=m1/m2; 

    %Ep=100*(Er-E1)/E1; 

    x_ax(idx)=1e9*h1; 

    y_ax(idx)=Er; 

end 

  

plot (x_ax,y_ax) 
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APPENDIX D: MODE MIXITY 

Mode mixity, a comparative measure of the amount of shear and normal stress 

components, is an important parameter for interpreting the adhesion of the thin film 

with substrate. Mode mixity or phase angle is defined by, 

                                                            =  

where,  =  = the component of stress coplanar with material cross section (also 

known as the shear stress) 

and  = = the component of stress normal with material cross section  (also known 

as the normal stress) 

The strain energy release rate is the energy dissipated during fracture per unit of newly 

created fracture surface area, , where U is the potential energy available for 

crack growth. Interfacial fracture toughness is a property which describes the ability of 

a material containing a crack to resist fracture. Interfacial fracture toughness is a 

function of . Suppose the crack tip is loaded in mixed mode ( ). Then the condition 

for initiation of crack propagation in the interface is, = . Interfacial fracture 

toughness is lowest ( ) when the interface undergoes pure opening fracture (

). On the other hand, it is the maximum when interface goes through pure shear 

( ). 
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Figure D1 Interfacial fracture toughness vs phase angle (adapted from [281]). 

 

The Interfacial fracture toughness function  could be determined experimentally 

and also be expressed by phenomenological theory like a realistic theory given by 

Hutchinson and Suo [282]  

 

                                           and  

where,  is an adjustable parameter. 
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