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ABSTRACT 
 

Efficient Transfer of Graphene –Physical and Electrical Performance Perspective 

 

Graphene has become one of the most widely used atomic crystal structure 

materials since its first experimental proof by Geim-Novoselov in 2004 [1]. This is 

attributed to its reported incredible carrier mobility, mechanical strength and thermal 

conductivity [2] [3] [4]. These properties suggest interesting applications of Graphene 

ranging from electronics to energy storage and conversion [5]. In 2008, Chen et al 

reported a 40,000 cm
2
V

-1
s

-1
 mobility for a Single Layer Graphene (SLG) on SiO2 

compared to 285 cm
2
V

-1
s

-1
 for silicon channel devices [6]. Chemical vapor deposition 

(CVD) is a common method for growing graphene on a metal surface as a catalyst for 

graphene nucleation. This adds a necessary transfer step to the target substrate 

ultimately desired for graphene devices fabrication. Interfacing with graphene is a 

critical challenge in preserving its promising high mobility. This initiated the motivation 

for studying the effect of intermediate interfaces imposed by transfer processes.  

In this work, few layers graphene (FLG) was grown on copper foils inside a high 

temperature furnace. Then Raman spectroscopy was performed on grown graphene 

sample to confirm few (in between 3-10) layers. Afterwards the sample was cut into 

three pieces and transferred to 300 nm SiO2 on Si substrates using three techniques, 

namely: (i) pickup transfer with top side of Graphene brought in contact with SiO2 [7], 

(ii) Ploy (methyl methacrylate) (PMMA) transfer with Graphene and a PMMA support 

layer on top scooped from bottom side [8], and (iii) a modified direct transfer which is 
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similar to PMMA transfer without the support layer [9]. Comparisons were done using 

Raman spectroscopy to determine the relative defectivity, Scanning Electron 

Microscopy (SEM) to observe discontinuities and Atomic Force Microscopy (AFM) to 

measure surface roughness. Then we conclude with electrical data based on the contact 

resistivity measured for layers transferred using these different techniques. Contacts 

were deposited using e-beam thermal evaporation and contact resistivity was calculated 

using Transmission Line Method (TLM) [10]. 

To date no comparative analysis for the aforementioned transfer methods has 

been done to determine which is the most efficient [5]. Our contributions are: (i) 

determining the most efficient method, (ii) reporting a lift-off process for Graphene, (ii) 

and reporting lower specific contact resistivity for no-post transfer processing 

Graphene. 
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Chapter I: Introduction  
 

This chapter presents a brief introduction to 2D atomic crystals including  

Graphene followed by highlighting the necessity for deciding on an efficient transfer 

method of Graphene from a physical and electrical performance perspective. 

As Silicon devices approach their limits, 3D chips come up on the horizon to 

continue  pushing  the  limits  and  satisfy  Moore’s  law.  However,  this  introduces  heat  

dissipation problems that are difficult to tackle and magnifies the power leakage, 

already a critical problem itself [11].  

Scaling of Silicon Devices 

Since the beginning of the 21
st

 century, device scaling has been a necessity to be 

met as mandated by the pressing demands for lower power consumption and higher 

performance. Silicon failed to meet these requirements due to its significant 

degradation  in  performance  on  scaling  (reducing)  supply  voltage.  This  means  it  can’t  

achieve both requirements of lower power consumption and higher performance 

simultaneously. For instance, since 2002, CPU power density has saturated at 100 

W/cm
2
 and clock speed at 4 GHz [12]. The following equation (1) connects the 

aforementioned parameters: 

𝑷𝑨𝒄𝒕𝒊𝒗𝒆 = 𝑪  𝒙  𝒇  𝒙  𝑽𝑺𝒖𝒑𝒑𝒍𝒚𝟐  𝒙  𝑵        (1) 
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 (P is active power, C is transistor capacitance, f is switching frequency, V is 

supply voltage, and N is the number of transistors involved in operations) 

Optimally, semiconductor industry aspires for a reduction or, a less demanding, 

fixation of the active power consumption. This is achieved by pursuing scaling of the 

transistors. A scaled down transistor has smaller area leading to lower capacitance and 

smaller dielectric thickness leading to lower supply voltage. The smaller area means all 

junctions contributing to overall capacitance are smaller (such as gate/drain, 

gate/source, gate/channel, drain/body and source/body) and the number of transistors 

on chip is larger without significant impact on power. The smaller dielectric thickness 

means same electric field applied can be achieved with lower voltage causing same 

inversion strength in the channel. This enables increasing the switching frequency while 

complying with active power restriction mandated by equation (1). 

Silicon as a group IV material has a diamond cubic structure, and a band gap of 

1.1 ev that needs to be overcome for conduction. Silicon based nMOS has an n-type 

channel created through inverting the p-type substrate by applying a +ve gate voltage. 

As this voltage is reduced, the inversion is weakened degrading the performance of the 

device. To avoid this, dielectric thickness is reduced to maintain sufficient electric field 

at a lower voltage. This introduces an important leakage power term in the discussion as 

electrons can now tunnel through the gate dielectric. High-K dielectrics have been used 

to enable equivalent capacitance with a larger thickness to prevent gate leakage 
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(C= 𝑘𝐴/𝑑, where C is the capacitance, A is the gate area, k is the dielectric constant, 

and d is the dielectric thickness). 

Silicon channel based devices have electron mobility (µn) of 285  𝑐𝑚 𝑣 𝑠 . This 

is a determinant factor in capping the switching frequency. This is because there is a 

direct proportionality relationship between mobility and switching frequency, i.e. the 

higher the mobility of the device, the higher the switching frequency can be. Hence, the 

low silicon mobility is hindering the possibility of having higher switching frequencies 

and improving performance. 

Alternative High Mobility Channel Materials 

To overcome the shortcomings of silicon based nMOS, high mobility materials 

such as Group III-V materials are coming up as a feasible alternative. Group III-V 

compounds have tunable band gap. For instance, InxGa1-xAs can have a band gap 

between 0.36-1.43 eV based on composition. This means that scaling the supply voltage 

down can still cause the required inversion if we scale the band gap down as well by 

using the right material composition. This would allow us to achieve supply voltage 

scaling without jeopardizing performance as well as give room for increasing N and f 

while maintaining almost same active power. 

However, Group III-V compounds have electron mobility restricted to up to 46 

folds that of silicon [12]. For example, Hyeongnam Kim from Ohio State University 

reported a mobility of 13200 cm V s  for InAs High Electron Mobility Transistor 
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(HEMT) in EDL, 2010. Moreover, the significantly higher mobility translates to a much 

higher drive current (Ids α  µ).  Intuitively,  the  high  switching  frequency  means  going  from  

ON state to OFF state very fast which indicates a lower sub threshold slope and a 

consequently higher (IOn/IOff) ratio.  

Another consequence of Si reaching its limits is going in the direction of 2D 

materials research with high mobilities as a silicon future replacement for coping with 

Moore’s  law  and  the  increasing  performance  demands of the 21
st

 century. These 2D 

atomic crystals exhibit higher mobility, a lower band gap, and the down scaling ability to 

smaller dimensions compared to both Si and group III-V materials. 2D atomic crystals 

ceased to exist or, more precisely, scientific community didn’t know about their 

existence until 2004 when Giem and Novoselov discovered graphene [1]. In 2005, 

Novesolov et al under the supervision of Andre Giem reported free standing 2D atomic 

structures prepared by micromechanical cleavage [13]. Only then 2D materials have 

been proven feasible as there stability in ambient conditions was a critical concern. The 

2D structure is achieved by separating few layers from bulk materials characterized by 

strong in-plane bonds and weak Wander Vaal coupling between layers. Physically, these 

2D structures are suitable for devices due to their high crystal quality, thermodynamic 

stability and macroscopic continuity. 

From an electrical performance perspective, the main purpose for using these 2D 

materials is their high desirable mobility and ability to be scaled down to dimensions not 
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achievable using 3D Silicon which relates to the aforementioned effects of capacitances 

and overall performance and integration density on chip.  

Graphene as a Potential Alternative 

Among the 2D atomic crystals materials, Graphene is the most prominent and 

has  attracted  most  of  the  scientific  community’s  attention  due  to  its  charge  carriers  

behaving as massless Dirac Fermions (i.e. exhibit low energy excitation and can be 

modeled with Dirac equation) [14]. SLG  has a honeycomb crystalline structure that 

exhibits high crystal quality allowing electrons to exhibit ballistic travel for long 

interatomic distances extending to 0.3 µm without scattering, a property that 

diminishes for FLG due to residual three dimensional nature [15] an ambipolar behavior 

(i.e. both p-type and n-type Graphene channels would have high mobilities) allowing 

tuning of electron and hole concentrations while maintaining high mobility [13], and 

avoiding generation of crystal defects and dislocations at elevated temperatures [16]. 

Furthermore, it has been experimentally shown that doping Graphene doesn’t  

significantly impact its high mobility which gives it an edge over other semiconductor 

materials that exhibit high intrinsic mobility but significantly drops on due to impurities 

scattering, such as InSb [17]. Table 1 summarizes the electronic properties of Graphene 

compared to common bulk semiconductors. It is worth mentioning the the reported 

mobilities in the table are for intrinsic materials, for instance Si channel mobility is 285 

cm
2
V

-1
s

-1
 while intrinsic mobility is 1,350 cm

2
V

-1
s

-1
.The table reaffirms the zero band gap 

at room temperature, the electrons having zero effective mass (thus, behaving as 

massless Dirac Fermions), the superior mobility, the high saturation velocity (effective 
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during ballistic transport for lengths <0.3 µm), and high carrier/charge density of 

Graphene. Moreover, due to the high crystal quality, Graphene provides a fertile ground 

for new relativistic condensed matter physics and the possibility of conducting 

experiments to study Quantum Electrodynamics (QED) [18]. Although theoretical 

interest is not the focus in this work, it has definitely contributed to attracting the 

scientific community interest to Graphene. It is possible to distinguish the number of 

layers of Graphene as single layer Graphene (SLG) and bilayer Graphene (BLG) have 

simple electronic structures with zero band-gap compared to 3-10 layers with more 

charge carriers and overlapping bands [19]. This is helpful in characterizing the number 

of layers in Graphene films which is a common challenge among 2D materials in general. 

Add to that, Graphene has unique Raman spectrum for SLG, BLG, FLG and multi-layer 

Graphene (MLG) which is a convenient timely and common way for fast inspection of 

the synthesized Graphene that will be discussed in “Chapter  II:  Graphene  Synthesis” in 

more details. SLG’s  high  mobility  makes  it  a  better  candidate than BLG for electronic 

devices. However, SLG graphene has a zero band gap. Hence, cannot give an acceptable 

high ION/IOFF ratio. One way of creating a band gap in SLG is by fabricating Nano ribbons 

restricting the width to the nano-scale which imposes patterning difficulties. On the 

other hand, BLG exhibits a band gap when a potential difference is imposed between its 

layers and is achievable using regular photolithography techniques [20]. 
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Table 1: Electronic Properties of Graphene vs. Common Bulk Semiconductors [21] 

 

To achieve graphene devices, few processes must take place. First graphene 

synthesis, followed by graphene transfer (if necessary as there are some growth 

methods  that  don’t  require  transfer,  such  as  epitaxial  growth  on  SiC) and then regular 

photolithography and fabrication techniques are feasible once the graphene sheet is on 

top of a suitable substrate.  

Graphene Synthesis 

Graphene synthesis can be achieved through a variety of techniques, most 

commonly: i) mechanical exfoliation, ii) epitaxial growth on SiC and iii) chemical vapor 

deposition (CVD) [22].  

i) Mechanical Exfoliation 
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In mechanical exfoliation, Highly Oriented Pyrolytic Graphite (HOPG) (i.e. formed 

by decomposition of Carbon rich materials) is put on scotch tape then removed leaving 

graphite trace behind on the tape. Successive stick and remove steps are done to the 

first imprint. The concept is that every stick and remove step leaves a thinner imprint on 

tape at the spot. Then, the last imprint is stuck on a clean Si wafer with 300 nm SiO2 on 

top for optical contrast, and continuous rubbing is done for few minutes. This is referred 

to  as  the  “scotch  tape  method”.  Then the sample is inspected under microscope and 

Raman spectrometer to spot sites of SLG, BLG, FLG and MLG. Although the technique is 

very simple, it is hard to implement for mass production on a large scale and the 

produced site are only small mesas.  

ii) Epitaxial Growth on SiC 

In epitaxial Graphene growth on SiC, SiC wafers are put in a CVD reactor. Then 

the sample is hydrogen etched at 1600
o
c for 20 minutes, then Argon is used to purge 

the Hydrogen and a turbopump imposed high vacuum conditions for graphitization at 

1225-1700
o
c for 10-120 minutes [23]. Epitaxial growth on SiC is limited by cost and size 

of the SiC wafer [22]. A  SiC  2’’  wafer  costs  $150-250  while  a  4’’  Si  wafer  costs  ~$20  [24]. 

iii) CVD Synthesis 

On the other hand, CVD is suitable for large area graphene synthesis, cost 

effective and widely used [7]. In CVD, a carbon rich gas (commonly ethane or methane) 

is introduced in a reducing environment at high temperatures (~1000
o
c) in the presence 

of a transition metal (commonly used Cu, Ni) catalyst. The metal catalyst provides a 

media for the freed carbon atoms from gas phase to adsorb in case of Cu or segregate in 
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case of Ni and reassemble on its surface forming Graphene sheets [25]. This is because 

transition metals have partially filled d-orbitals or form intermediate compounds that 

adsorb and activate reacting substances providing low energy routes for reactions [26]. 

It is important to maintain a relatively high pressure during growth if the experiment is 

performed under vacuum to prevent evaporation of the metal catalyst at elevated 

temperatures.  

Graphene Transfer 

Since the growth requires a metal substrate, a transfer step is necessary as we 

cannot fabricate devices on a metal conductive substrate. This is because in an 

electronic device the induced channel with high space charge density has to be isolated 

from the body all the time otherwise we experience the body effect were charge 

carriers in the channel/source/drain would escape through body connection (form of 

leakage) consuming non useful power and hindering device performance. Also a metal 

substrate means that source and drain will always be connected through a conductive 

body and the device behaves as a resistor or simply shorted instead of a transistor. A 

possible scenario is using a Si/SiO2 substrate with deposited metal layer then carrying 

out CVD of Graphene. However, due to the difference in densities the Graphene sheet 

will float on top of the etchant and the Si/SiO2 substrate will sink once the metal is 

etched. This is not only essentially similar to the required transfer step but also wastes a 

Si/SiO2 substrate that will be contaminated with etchant ions. The common transfer 

methods used are direct transfer, transfer by pick up and transfer using PMMA. These 

are the most common transfer methods used to transfer the large scale synthesized 
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Graphene. There are other methods such as exfoliation and transfer free. Exfoliation is 

similar to mechanical exfoliation of graphite but done to the CVD synthesized Graphene 

and still gives small areas of uniform layers. Transfer-free method is synthesizing 

Graphene directly on target substrates using CVD. In this process a Si/SiO2 substrate 

with 500 nm or more thin film of Cu deposited is inserted in high temperature furnace 

for CVD. Afterwards, the samples are put in Cu etchant to dissolve the Cu film leading 

Graphene to land peacefully on SiO2 without mechanical perturbations. However, it 

takes 10s of hours to etch the Cu due to the very narrow entrant profile for the etchant 

to etch the copper from the edges as SiO2 is preventing etching from bottom side and 

Graphene on top prevents etching from the top side [27]. Back to common large scale 

transfer methods, direct transfer involves etching the backside Graphene on Cu foil, 

then leaving sample in Cu etchant solution until Cu foil is gone followed by several 

etchant removal steps and Graphene Deionized (DI) water rinse and finally scooping 

using Si/SiO2 substrate from below. Transfer by pick-up is concerned with minimizing 

the steps that mechanical disturb the Graphene sheet as there is no need for cleaning 

the delicate Graphene layer while lacking support. Hence, in pickup a vacuum holder is 

used to hold the Si/SiO2 substrate and brought in contact with top side of the Graphene 

sheet that is not touching the Cu etchant. Then after the Graphene is held to the 

substrate DI water rinse can be done safely. Finally, transfer using PMMA is similar to 

direct transfer except for adding a spinning step of PMMA before etching Cu as a 

support layer to Graphene and at ending with Acetone bath to remove PMMA support 

layer. The PMMA support is used as a safe guard for Graphene cracks and tears due to 
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physical disturbances imposed during transfer. To highlight the importance of interfacial 

interactions during transfer, in 2008, Bolotin et al reported suspended graphene from 

mechanical exfoliation that exhibited a mobility of 200, 000 cm
2
V

-1
s

-1
. However, the 

technique only produces small chunks of graphene (~10 x 10 µm
2
) [28]. On the other 

hand, large area transferred graphene has a reported mobility that in some cases 

dropped down to 10,000 cm
2
V

-1
s

-1
 [1]. To date, no comprehensive analysis of these 

transfer methods has been carried out. In addition, the effect of transfer techniques on 

electrical behavior has not been studied. Given the importance of the interfacing steps 

in transfer methods and the necessity for transferring graphene, this work compares the 

different transfer techniques. The comparison focuses on physical aspects, namely 

defectivity, continuity and surface roughness of transferred sheets, and concludes with 

an electrical measurement of contact resistivity. This work aims at bridging the gap 

between transfer techniques and electrical performance as an initiative step in finding 

the most suitable transfer technique for a performing graphene device (Figure 1). 
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Figure 1: Silicon to Graphene transition and where our work fits 

 

This work is organized as follows. “Chapter  II: Graphene Synthesis” explains the 

growth process followed. “Chapter  III:  Graphene  Transfer”  explains  the  different  

transfer techniques, summarizes the motivation behind this work and includes the 

experimental procedure and methodology followed in this work. “Chapter  IV: Physical 

Analysis (Results and Discussion)” provides a brief explanation of Raman spectrum of 

Graphene which is the most accessible and feasible technique in characterizing 

Graphene sheets and discusses the results of the physical analysis. “Chapter  V:  Electrical 

Analysis (Results and Discussion)”  discusses  the procedure followed in studying 

contacting Graphene and the results of the contact resistivity measurements. Finally, 
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“Chapter  VI: Conclusion  (Summary  and  Future  Works)”  concludes the results and 

discussion, mentions the challenges met during the study and provide 

recommendations for future work in this field.   
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Chapter II: Graphene synthesis 
 

Synthesis has been the greatest quest in Graphene research that it is still up to 

date not fully understood in terms of explaining the reaction dynamics and formation of 

Graphene. Hence, an extensive review on Graphene synthesis is key for this work. This 

chapter provides a literature review of Graphene synthesis methods to date followed by 

pros and cons of the different methods and why CVD method was chosen. Finally, the 

chapter concludes with the details of the synthesis method used in this study. Many 

techniques have been suggested for Graphene synthesis since its discovery in 2004. 

However, not all techniques are applicable for producing large area Graphene. The main 

categories for large scale Graphene synthesis techniques are mechanical exfoliation and 

cleavage, and chemical and thermal decomposition techniques. 

Review of Mechanical Exfoliation and Cleavage Techniques 
 

In 2003, Lisa Viculis et al, University of California, Los Angeles, reported a low 

temperature catalyst free route to creating Graphene nanoscrolls [29]. Although 

nanoscrolls are not our focus for devices, there process can be easily adapted to 

produce Graphene sheets. The process followed consisted of using an intercalation 

compound KC8 (formed by mixing stoichiometric amounts of Potassium and pure 

Graphite). Then using an aqueous solvent (Ethanol) an exothermic reaction (equation 

(2)) occurs forming a dispersion of Carbon sheets due to solvation of K
+ 

ions and release 

of H2 gas separating the graphite layers.  
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𝑲𝑪𝟖 +  𝑪𝑯𝟑𝑪𝑯𝟐𝑶𝑯 → 𝟖𝑪 + 𝑲𝑶𝑪𝑯𝟑𝑪𝑯𝟐 + 𝟏
𝟐𝑯𝟐          (2) 

Viculis et al then added a sonication step to curl the sheets to form the nanoscrolls 

(Figure 2) which can be skipped if we are interested in nano sheets. Finally, Viculis et al 

added ethanol to the solution to neutralize the effect of the basic 𝐾𝑂𝐶𝐻 𝐶𝐻  

(Potassium Ethoxide). 

 

Figure 2: Exfoliation of nanoscrolls by Viculis et al [29] 

The produced Graphene sheets have dimensions of 40 nm 𝑥 1.3 µm and consist of 25-55 

layers on average. These dimensions are not suitable for large scale synthesis and the 

lack of control over number of layers makes it not suitable for device fabrication. 

In 2004, K. S. Novoselov et al, University of Manchester, prepared Graphene 

films by repeated peeling of HOPG [1]. First, 5 µm deep mesas were created bulk HOPG 

using dry etching in O2 plasma. Then photoresist (PR) is spun over a glass substrate and 

before totally drying up is brought in contact with the mesas. This leads to peeling off of 

the few layers from the mesas in the HOPG that are now attached to the PR. Scotch tape 

is then used repeatedly to peel off layers of Graphene attached to PR and reducing the 

number of layers attached to PR. Then the PR and attached few Graphene layers are put 

in Acetone bath to dissolve the PR. Finally, a Si/SiO2 sample is immersed in the solution 
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to pick up the floating Graphene followed by washing in water and propanol. The 

thickness of SiO2 is chosen to be 300 nm to provide sufficient optical contrast for areas 

covered by few layers Graphene (Figure 3). 

 

Figure 3: Optical image using white light with corresponding thicknesses of Graphene measured by AFM [1] 

This technique produced up to 10 µm FLG, and up to 100 µm of MLG. Hence, the 

large scale synthesis is still a problem let alone the scalability of using the scotch tape 

involving repeated peeling off. However, it represented proof of the potential of 

Graphene and lead to attracting the attention of the scientific community.  

 In 2006, Sasha Stankovich et al, Northwestern University, reported for the first 

time a stable aqueous graphitic Nano-palettes through exfoliation and reduction of 

Graphite oxide in in poly(sodium 4-styrenesulfonate) [30]. In their process, Graphite 

Oxide nano palettes were prepared by exfoliation of Graphite oxide by ultrasonic 

treatment. These nano palettes were then reduced with Hydrazin Hydrate at 100
o
C for 

24 hours. However, the reduced material still contained significant amount of oxygen 
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even after reduction. This renders the attempt non useful at least for Graphene channel 

devices.  

 In 2008, Vincent Huc et al, Universite´ Paris-Sud, improved on the scotch tape 

exfoliation method [31]. Huc used a mechanical wafer bonding technique. In this 

technique a Si wafer is dipped in a low viscosity epoxy-phenolic adhesive diluted in a 

tetra-hydro-furan (THF) solution then vacuumed for 5 minutes to remove most of the 

solvent and avoid bubbles creating at the adhesive/Graphene interface later on. Then a 

bulk freshly leaved HOPG is added on top of the adhesive and cured at 115°C for 120 

minutes while applying even uniaxial pressure using Hoffman tubing clamps. After 

removing the clamps and the HOPG, scotch tape cleaving is repeatedly done for the 

attached Graphene layers on the adhesive (Figure 4). 

 

Figure 4: Epoxy bonding and reverse exfoliation of HOPG [31] 
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 Huc claims that the process is self-limiting due to the strong bonding between the last 

Graphene layer and the epoxy which results in larger areas of SLG. This process provided 

larger areas of 100 µm a side. However, limitations are still that the uniform area is, 

larger but, not large enough, and the scotch tape glue residue that remain on the SLG on 

adhesive from extra cleaving. Also the epoxy might not be a suitable substrate for 

building Graphene devices and no removal or transfer attempt from epoxy adhesive has 

been attempted.  

 In 2009, Mustafa Lotya et al, Trinity College Dublin, they used a liquid phase 

exfoliation method similar to Stankovich, in 2006, but replacing Graphite oxide with 

Graphite exfoliation [32]. Lyota et al used adsorbed surfactants in water to create 

coulomb repulsion and stabilize the dispersed Graphitic flakes. The flakes are then 

deposited by filtration (Figure 5) which is the process in which solid entities in a fluid are 

separated by inserting a filtering membrane with pores that allows the fluid particles to 

pass through while retaining larger solid flakes. This process is clearly not suitable for 

device applications due to the small flake sizes, high non-uniformity, and overlapping 

flakes and edges. However, the flakes are 62% transparent and are suitable for 

applications that require transparent electrodes, such as solar cells. 

 

Figure 5: Graphitic deposited flakes by filtration [32] 
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 It is notable how the mechanical exfoliation techniques evolved from simple 

scotch tape method to more complex dry and aqueous techniques. For instance, in 2004 

scotch tape and PR were used to get Graphene flakes on SiO2. In 2006, we went into an 

aqueous solution and wet chemistry that have similar effect to that caused by transfer 

and involving a 24 hours reduction reaction and produces partially oxidized Graphene. 

In 2008, we went into epoxy as an adhesion layer and substrate and added a uniaxial 

compression step. In 2009, we succeeded in getting Graphene flakes without oxygen 

incorporated  but  didn’t  solve  the  size,  yield  and  uniformity  issues.  Although these 

mechanical techniques initially had an edge over chemical methods and that is they are 

transfer free, the way they evolved over time to optimize their size, yield, quality and 

uniformity have taken away their edge and left their main disadvantage of 

inappropriateness to scalability due to limited size and sever lack of uniformity 

unsolved.  

 In an attempt for large Graphene flakes using mechanical exfoliation, we tried 

different modified versions of the proposed technique. The technique we used was 

wrapping the scotch tape around HOPG then removing the bulk HOPG and successive 

sticking and removing of the scotch tape with Graphite to new clean areas on the tape. 

Then the whole tape with many spots, having paler Graphite color for later stick and 

remove attempts, is put in contact with cleaned Si/SiO2 samples and rubbed smoothing 

with an inclined (tangential to the substrate) angle to allow lateral pressure slide and 

separate the Graphene sheets for 5 minutes. Then the scotch tape is removed slowly 
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and the sample is examined under optical microscope (Figure 6). The result was an area 

that extended few hundreds of µms and lack of uniformity. In addition, the glue residues 

contaminate the sample and need to be washed off in acetone. Other versions included 

exfoliating CVD MLG from Cu foil, adding PDMS under the Si/SiO2 sample to avoid its 

lateral motion while rubbing, and directly applying pressure to Cu foil with MLG onto 

Si/SiO2 using a glass slide avoiding the scotch tape. However, the results were not 

encouraging compared to the progress in CVD synthesis. 

 

Figure 6: Exfoliated Graphene flake using scotch tape method. Clear non-unifomity of layers and small flake size. 
Green is FLG, red is MLG, black is SiO2 , and yellow is glue from sctoch tape. 
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 Chemical and thermal decomposition techniques, although came in late 2005 

almost 1 year after the discovery of Graphene through mechanical exfoliation, showed 

greater potential for scalability. 

Review of Chemical and Thermal Decomposition Techniques 
 

In 2005, E. Rollings et al, University of California, Berkeley produced Graphene 

layers on SiC substrates by thermal decomposition [33]. The  Graphene  films  were  

produced on (001) face of an n-type 6H-SiC single crystalline wafer. Samples 4 mm 𝑥 8 

mm were cut from wafer and cleaned in ultrasonic bath of Acetone. Samples were then 

inserted into a 10
-10

 Torr chamber (ultra-high vacuum) and annealed at 850
o
C in Si flux 

from a heated Si ingot for 25 minutes to remove native oxides. Subsequent annealing at 

1000-1250
o
C for 5-20 minutes in absence of Si flux leads to the formation of SLG and 

FLG extending to cover the whole sample area. Figure 7 shows the progress of the SiC 

decomposition and Graphene formation during growth. However, SLG uniformity has 

not been realized and the cost of SiC wafers compared to Si wafer is at least 10-15 

times. Based on prices of Entegris, Inc, USA,  an  8”  Si  wafer  costs  $26  whereas  an  8’’  SiC  

wafer costs $350 [34]. 
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Figure 7: Low Energy Electron Microscopy (LEED) image:  a) Bright spots of SiC after 5 minutes annealing at 1000 
Celsius, b) Reconstruction of hexagonal Graphene after 5 minutes at 1100 Celsius, c) after 10 minutes at 1200 

Celsius, and d) after 4 minutes at 1250 Celsius [33] 

  

In 2006, the first report on Graphene synthesis using CVD was reported by 

Prakash R. Somani et al, Chubu University [35]. Their experiment was mainly a proof of 

concept. Somani et al evaporated Camphor at 180
o
C then the gas was passed and 

pyrolyzed (decomposed by heat) at 700-850
o
C over 2 𝑥  2 cm

2
 Ni sheets. Then the 

sample was cooled and the surface was analyzed showing that planar FLG can be 

synthesized using the cost effective CVD.    

 Since 2006 and up till now, CVD Graphene synthesis has gone the farthest in 

terms of providing suitable uniform, large area, high quality Graphene sheets.  

 In 2007, A.N. Obraztsov et al, University of Joensuu and Moscow State 

Univeristy, reported 1 to 2 nm Graphene synthesis on Ni substrates using CVD [36]. 

Their processes had H2 and CH4 (Methane) gas mixture (92:8 ratio) and was activated by 

Direct-Current (DC) discharge to ionize the medium at 950
o
C for 1 hour. They also 
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replicated the same process on SiO2 substrates but no Graphene was synthesized on the 

SiO2. Based on their analysis, the Graphene synthesized on Polycrystalline Ni (111) had 

ridges allover due to the difference in the coefficient of thermal expansion (CTE) 

between Graphene and Ni (Figure 8). While the synthesized film on SiO2 was just 

amorphous C and was attributed to the large lattice mismatch between Graphene and 

SiO2 Lattices. And they assumed that the growth mechanism is a nucleation process, 

which will be confirmed by later studies of the process. Moreover, Obraztsov studied 

the effect of cooling rate on Graphene segregation due to the high C solid solubility in 

Ni. For example, slow cooling rate would result in diffusion of most C into the Ni bulk 

leaving no Graphene segregation at the surface while a faster rate would lead more 

layers segregating at the surface. 

 

 
Figure 8: Ridges in synthesized Graphene sheet using Scanning Electron Microscopy (SEM) [36] 

  

In 2009, Alfonso Reina et al, Massachusetts Institute of technology (MIT), 

reported the growth of SLG to FLG on polycrystalline Ni film, evaporated on SiO2/Si 

substrate, of 1-2 cm
2
 by CVD [37]. The sample was first annealed in Ar and H2 gas mix at 

1000
o
C for 20 minutes to expand the Ni grains. Then CVD using 25 sccm CH4 and 1500 

sccm H2 was carried out at 1000
 o

C for 20 minutes. The resultant Graphene showed 
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great improvement in terms of continuity and uniformity but was restricted by the Ni 

grain size. 

 Since 2006, there has been a matching progress in CVD Graphene on Cu foils as 

that of Ni substrates.  

 In the same year 2009, Xuesong Li et al, University of Texas Austin, synthesized 

high uniformity and high quality Graphene on a 1 cm
2
 Cu foil sample [38]. This work was 

a breakthrough. Li et al showed films that were SLG except for less than 5% FLG (Figure 

9), confirmed by Raman Spectroscopy (Figure 10). The X-axis is the Raman shift in cm
-1

 

and Y-axis is the intensity in arbitrary units. We determine the number of layers from 

the ratio between the G peak (1560 - 1620 cm
-1

) and the 2D peak (2660-2700 cm
-1

). As 

for the D peak (1300-1400 cm
-1

) it represents the defectivity of the Grown layer. The 

higher the intensity of the peaks relative to each other the higher the manifestation of 

what the peak represents. Further explanation of the Raman spectrum will be provided 

in  “Chapter  V: Physical Analysis (Results and Discussion)”. Li et al also showed that the 

film extends across Cu surface steps (foil wrinkles) and grain boundaries. They used CH4 

and H2 gas mixture for CVD growth at 1000
o
C.  

 

Figure 9: SEM image of Graphene sheet on Cu foil (darker areas have more layers) [38] 
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Figure 10: Raman spectrum showing D, G and 2D peaks of Graphene corresponding to number of layers [38] 

 

However, Qingkai Yu et al, University of Houston, suggested that unlike synthesis 

on Ni, the growth on Cu is self-limiting due to the low solid solubility of C in Cu leading 

to a surface catalyzed reaction instead of a precipitation process as with Ni [39].  Due to 

the inexpensive and fairly accessible CVD technique and cost effective Cu foil leading to 

high quality, uniform, continuous wafer scale Graphene sheets, CVD on Cu foil has 

gained significant interest and research momentum. This is because Cu has the least 

affinity to C which translates into low reactivity. This in turn leads to the formation of 

only soft bonds  through  charge  transfer  between  the  π  electrons  in  the  sp2
 out-of-plane 

hybridized Carbon and the empty 4s states of Cu [26]. This and the low solid solubility of 

C in Cu are key factors in the momentum CVD on Cu foil progress. This conclusion is 

confirmed by an experimental review on Graphene by Daniel R. Cooper et al, McGill 

University, in 2012 as seen in Table 2 [40]. Clearly from the table, Cu-CVD has the 
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highest uniformity, largest size, and even highest mobility. It is worth mentioning that 

the mobility values are given for Graphene on Si/SiO2 substrates (i.e. after CVD 

Graphene has been transferred), as we already know that suspended Graphene has a 

mobility of 200,000 cm
2
V

-1
s

-1
, as mentioned earlier [28].  

 

Table 2: Comparison of Graphene synthesis methods. Sources; a) [41], b) [42], c) [43] , d) [44], e) [45], f) [46]. 

 

Also in 2010, Sukang Bae et al, Sungkyunkwan University, reported 30 inch SLG 

grown by CVD on Cu foil [45] . However, most of the ripping and tearing occur during 

transfer [38]. 

To conclude the important points in CVD Graphene synthesis, H2 role is to 

provide a reducing environment preventing oxidation of Graphene at high temperatures 

especially for pressures below atmospheric. H2 decomposes into 2H at high 

temperatures and recombines with the Carbon molecules on Cu surface to form 

methane in a reverse reaction. Hence, the final product is due to finding the balance 

between CH4 dissociation leading to C deposition and the etching effect of C due to H2 

gas. Ar is used to wash away various gas particles and keep the flow due to the large size 

of Ar atoms as well as maintain the required pressure without disturbing the CH4 to H2 

ratio. CH4 is the Carbon rich precursor that decomposes to form Graphene on the 
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catalytic surface. The Cu foil is the catalyst that enables the reaction to take place at its 

surface. These are the main points collected from knowledge of the subject, the above 

review, and the supporting materials provided by Li et at [38]. Clearly CVD seems the 

most suitable option. The next sub-section discusses the CVD process used and progress 

in this work. 

CVD Growth Process Used and Progress in This Study 
 

  We  used  Li  et  al’s  paper  “Large-Area Synthesis of High-Quality and Uniform 

Graphene  Films  on  Copper  Foils”, (cited over 1000 times), as our benchmark. Figure 11 

shows the process parameters followed by Li et al. In our process we have had 

modifications based on accumulated knowledge  from  successive  runs.  “Appendix A: 

Sample Growth Runs File”  shows a sample of most recent growth runs attempted. 

However, we started by following the Li et al benchmark (Attempts not shown) and 

ended up with these runs based on cumulative learning from runs and analysis. This 

could be attributed to the difference in tools used such as size of High Temperature 

Furnace (HTF), gas purity, efficiency of gas filters, lack of precise measurement of 

pressure inside our furnace, and the absence of a fast cooling mechanism. Hence, in our 

best results process, we used Cu foil 25 µm thick, purity of 99.8% and dimensions of 

samples were 5 x 3 cm
2
. First temperature was ramped up to 1000

o
C in 200 sccm of Ar 

and 500 sccm of H2 for 30 minutes. Then Ar is shut down and the system left to stabilize 

the reducing environment for 3 minutes at 1000
o
C. Then 50 sccm of CH4 are flown into 

the reducing environment for 2 minutes of growth time. Then all gases are turned off 
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and N2 purge is applied to stop the synthesis process, wash out the remaining gases and 

cool down the Quartz tube. The choice of the best method for this study was based on 

uniformity as the most important parameter to be able to transfer and study the 

electrical performance ultimately. Hence, having uniform FLG was sufficient for our 

study purposes. It was experimentally reported that the specific contact resistivity is 

independent on the number of layers even for MLG [47] 

 We also did runs with sample preparations involving cleaning the Cu foil. First, 

Cu foil is  rinsed in Acetic Acid then Deionized (DI) water followed by Acetone, DI, and 

finally Isopropyl Alcohol (IPA). However,  the  cleaning  steps  didn’t  change  the  quality  of  

the Graphene; hence, was avoided due to the introduced wrinkling in the Cu foil with no 

significant advantage. The fact that the cleaning had no effect might be due to the 30 

minutes of annealing in Ar and H2 that removes a very thin layer from the surface of the 

Cu foil producing a cleaner surface for the deposition and growth.  
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Figure 11: CVD process flow by Li et al [38] 

Figure 12 shows the Raman spectrum of our grown Graphene which confirms it 

is 3 layers based on the benchmark paper. To confirm uniformity, Plasma Enhanced 

Chemical Vapor Deposition (PECVD) of 285 nm SiO2 were deposited on Si wafers 

followed by 10 nm of Ti e-beam thermal evaporation as an adhesion layer, then a 1 µm 

of e-beam thermal evaporation of Cu to provide flat Cu substrates. Thinner Cu 

thicknesses had holes created during deposition. CVD Graphene on Cu flat substrates 

were first used to confirm the uniformity of the Graphene as Cu foil had wrinkles that 

affected optical images as well as scattered photons during Raman spectroscopy leading 

to low intensities. Figure 13 shows an optical image of CVD Graphene on deposited Cu. 

From the figure we can see the Cu grain boundaries which, as reported earlier, were 

confirmed by taking Raman measurements at these boundaries to have the Graphene 

sheet continuously crossing them. Figure 14 shows an SEM image of deposited Cu 

before processing with the grain boundaries clearly visible. Figure 15 shows an SEM 
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image of Cu after CVD of Graphene. The figure shows wider boundaries which is 

suggested to represent the enlarged Cu boundaries due to the extended annealing at 

high temperatures with Graphene ripples along the edges due to the difference in CTE 

between Cu and Graphene. After uniformity is confirmed the recipe is used on Cu foil.  

 

Figure 12: [Top to Bottom] Cu foil and Graphene sheet on top, Raman spectrum of our FLG sheet, Raman spectrum 
from benchmark paper [38] 
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Figure 13: Cu grain boundaries with FLG on top. Optical image of deposited Cu on SiO2 with CVD FLG 

 

Figure 14: SEM image of deposited Cu before processing 
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Figure 15: SEM image of deposited Cu plus CVD Graphene on top (after processing) 

Having the graphene uniformly synthesized on Cu foil, the next step is to transfer 

Graphene to a Si/SiO2 substrate for device fabrication.   
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Chapter III: Graphene Transfer 
  
  After the progress in CVD Graphene synthesis, the real challenge towards 

Graphene devices and circuitry lies in the ability to safely transfer the synthesized layers. 

There have been several attempts to transfer Graphene using exfoliation techniques 

using polymers and thermal release tape. The attempts were aimed at avoiding 

chemical etching and wet chemistry to preserve the quality of Graphene. However, 

these were not successful and transferred Graphene mobility dropped to values as low 

as 201 cm
2
V

-1
s

-1
 and 100 cm

2
V

-1
s

-1
 for thermal release tape and polymer films, 

respectively [48] [49]. Hence, more interest is directed towards wet chemistry transfer. 

 Basically, most wet chemistry transfer methods are conceptually the same. They 

involve etching the Cu substrate to free Graphene and then scooping the Graphene 

using the target substrate. Improvements might include providing a support layer for 

the Graphene before etching Cu to prevent tearing of the Graphene sheet which is a 

crucial challenge in transfer as the thinner the Graphene sheet the more prone it is to 

get torn from mildest disturbance. Another improvement is eliminating few steps and 

decreasing the possibility of tearing the Graphene sheet, such as in pick-up transfer 

discussed in this section.  

 We categorized the most common techniques into the following categories. First 

is the basic direct transfer technique without polymer support. The second is using a 

polymer support. The third technique is the pick-up or fishing technique. We will start 

with the polymer supported technique as it is the most widely found in literature then 

describe the direct and pick-up techniques which are fairly simple compared to the 
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relatively complex polymer transfer technique.  

Polymer Supported Transfer  
 

 Reina  et  al’s  “Large  area,  few-layer graphene films on arbitrary substrates by 

chemical vapor deposition” [37] is the most cited paper using polymer assisted transfer. 

In their paper, they used CVD Graphene synthesized on Ni evaporated on Si/SiO2 

substrates. First, they spun Poly-Methyl Methacrylate (PMMA) on the Graphene on top 

of the sample. Then using a solution of hydrochloric acid (HCl) diluted in DI water (3% by 

volume) they etched the Ni layer. Now that the Graphene/PMMA layer is detached it 

can be transferred to any target substrate. Once transfer is complete, Acetone is used to 

dissolve the PMMA [37]. The technique is fairly simple and can be easily adapted to Cu 

foils with no major modifications.  

 For polymer assisted transfer of CVD Graphene on Cu foil (Figure 16), few 

modifications were considered. First we spin coat top Graphene at 4000 revolutions per 

minute (RPM) for 30 seconds with PMMA (prepared by adding PMMA powder to 

anisole, 2.5% by mass). For Cu foil CVD of Graphene, Graphene is grown on all sides as 

the Quartz boat is concave and the Cu foil is usually not perfectly touching the bottom 

side. This enables the gasses during growth phase to form a Graphene layer on bottom 

side as well. Hence, since we need to etch away the Cu foil, we have to provide a good 

enchant profile for the etchant to Cu. HCl and in our case Iron(III) Nitrate (Fe(NO3)3 ) 

etch  Cu  but  don’t  etch  Graphene.  Therefore,  the  bottom  side  of  the  Cu  foil  was  floated  

on Nitric acid: DI (1:3 by volume) for 3 minutes to etch the bottom side Graphene. It is 



47 
 

essential not to leave the sample in Nitric acid for more time as Nitric acid etches Cu 

vigorously and can etch through to the top layer Graphene. Then the sample is floated 

on Fe(NO3)3 solution (prepared by adding Fe3(NO3)3  Granules to DI water (1:2 by mass)) 

for 1 hour. Then successive transfer to clean DI containers is carried out to remove 

Fe(NO3)3 residues. Finally, the floating Graphene/PMMA layer is scooped from below 

from the DI water container with Si/SiO2 substrate. As soon as the Graphene/PMMA 

lands on the substrate, the samples are left to dry at ambient conditions at an inclined 

angle to drain trapped DI water particles. Once the sample is dries (5-7 hours), it is 

immersed in Acetone bath to remove the PMMA support layer.  

 

Figure 16: PMMA transfer process. First PMMA is spin coated. Then bottom side Graphene is etched in Nitric Acid. 
Cu is then etched using Iron Nitrate solution. Finally the Graphene sheet is transferred to successive DI water 
rinses, scooped with target substrate and rinsed in Acetone to remove the PMMA 

 In this process, the higher the concentration of the Nitric acid the less time it 

needs to etch bottom side Graphene. A further improvement was to put Cu foil sample 

upside down on a clean glass slide and use ear buds wetted with Nitric acid to tap on 

the samples to remove the bottom Graphene layer. Also the PMMA has to be freshly 
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prepared as when PMMA ages it get harder to remove using Acetone which leads to 

more left residues on Graphene.  

 We have studied the surface roughness of transferred Graphene samples using 

Atomic Force Microscopy (AFM) and it showed unexpectedly high values which might be 

attributed to trapped Fe(NO3)3 particles between Graphene and substrate that were not 

washed away. To overcome this issue, a new step of HCl (10% concentration by volume) 

for 10 minutes was added. The results showed no significant reduction in roughness 

measurements which might be the cause of PMMA wrinkles in Graphene due to PMMA 

or PMMA residues (Figure 17). Fourier Transform Infra-Red (FTIR) spectroscopy was 

then performed to detect PMMA residues. However, the spectrum for Graphene 

transferred with no PMMA and Graphene transferred using PMMA matched confirming 

absence of PMMA residues. Had PMMA residues been present a clear peak would have 

shown on the FTIR spectrum for C-O double bond (C=O). This  confirms  Xuesong  Li  et  al’s  

conclusion that the PMMA due to conformal spreading over wrinkled Cu foil solidifies 

maintaining these wrinkles after the Cu is etched and leaves wrinkled Graphene behind 

after PMMA is washed away [50]. That’s  the  reason  behind  Li  et  al’s  suggestion  of  

adding fresh liquid PMMA to cured PMMA before removal in Acetone to allow PMMA to 

relax and flatten on the substrate (Figure 18). However, in our transfer, no curing step 

was added and PMMA was left to harden at ambient to facilitate its removal in Acetone. 

Attempted  trials  with  curing  PMMA  didn’t  work  as  PMMA  was  not  removed and we 
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couldn’t wash it away to access the Graphene sheet. Hence, we re-deposited PMMA for 

good transfer but instead of curing we left it again to dry in ambient conditions. 

 

 

Figure 17: Graphene surface after transfer; no HCl (left) has surface roughness of 10.3 nm, with HCl (right) has 
surface roughness of 12.2 nm 

 

Figure 18: Li et al's method of re-deposition of PMMA and curing before removal of PMMA support layer [50] 
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Direct Transfer 
  

William Regan et al, University of California at Berkeley, suggested a polymer 

free transfer, in 2010 [51]. Their method is depicted in Figure 19. Although they used 

TEM grid in their processes, conceptually, the process is the same without the PMMA. 

Of course it is clear that in the standard transfer the grid is brought in contact with 

Graphene from below while in direct transfer it is from above. Although this is similar to 

some extent to pick-up transfer, the Graphene still sees all steps as in standard transfer. 

In this work what we refer to as direct transfer would be the same as polymer-

supported transfer without the polymer. In  other  words,  it  differs  from  Regan  et  al’s  

method in that sample is still brought in contact with Graphene from below and no 

support is provided to the Graphene sheet during Cu etching Figure 20.  
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Figure 19: Original Direct Transfer method by Regan et al [51] 

 

Figure 20: Modified Direct Transfer followed in our study. First Graphene is etched from Cu foil’s backside in Nitric 
Acid. Then Cu is etched in Iron Nitrate. Finally Graphene sheet is scooped several times to DI water then target 

substrate and left to dry-out. 
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Pick-up Transfer 
 

 In pick-up transfer we followed the processes suggested by Yujie Ren et al, 

University of Science and Technology Beijing [52]. Figure 21 summarizes their process 

flow. Ren et al used 2 glass slides to flatten the Cu foil with Graphene then floated on 

Nitric Acid to etch bottom side Graphene. PMMA droplet was only used to mark the 

Graphene sheet as Graphene can be very hard to locate especially for FLG and less layer 

(>90% transparent). After etching Cu in Iron Nitrate, the Graphene sheet is directly 

picked up from the Iron Nitrate etchant by the target substrate.   

 

 
Figure 21: Pick-up Transfer by Ren et al [52] 

 
 According to a Graphene transfer review performed by Junmo Kang et al, 

Sungkyunkwan University, in June 2012, although all these techniques are concerned 

with minimizing the disturbance of electrical properties of Graphene during transfer, 

there is still no clear winner as the best transfer technique [5]. This highlights the 
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precedence of our comparative study and confirms the importance of determining the 

most efficient transfer method for best electrical performance. Figure 22 provides a 

summary of what has been covered so far and highlights the motivation behind this 

work. Then we explain the experimental procedure and methodology followed in our 

study. 

 

Figure 22: Recap on the motivation behind this work 

 

Experimental Procedure and Methodology 
 

FLG was grown on 25 µm thick copper foils inside a high temperature furnace. 

The system was purged at ambient pressure in N2 for 5 minutes. Then the temperature 

was ramped up to 1000
o
C in 200 sccm Ar and 500 sccm H2 for 30 minutes. Then the 

system was stabilized for 5 minutes at 1000
o
C in 500 sccm H2. 50 sccm CH4 were added 
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during the last 2 minutes for growth. Growth was terminated by N2 quench to room 

temperature.  

Raman spectroscopy is performed on grown graphene sample to confirm FLG at 

widely spaced spots and mapping is done for a 100 x 100 µm
2
 area. Afterwards the 

sample is cut into three pieces and transferred to 300 nm SiO2 on  Si.  Piece  ‘A’  had  

PMMA in anisole (2.5% by mass) added. All three pieces are floated on HNO3: DI water 

(1:3 concentrations by volume) for 3 minutes to etch graphene on the backside of the 

copper foil. Then all pieces are floated on Fe(NO3)3 granules: DI water (1:2 by mass) for 1 

hour to etch the copper foil. The Iron Nitrate solution is then displaced with DI water. 

A vacuum holder is used to hold the SiO2 wafer and brought in contact with the 

floating Graphene, sample  ‘B’,  from  the  top  side.  For  Samples  ‘A’  and  ‘C’,  the  SiO2 wafers 

are immersed in the DI water container and carefully lifted capturing the floating 

Graphene sheet. All three samples are mildly titled to drain trapped DI water and help 

Graphene adhere to the SiO2 substrate  and  left  to  dry  for  5  hours.  Finally,  sample  ‘A’  is  

rinsed in Acetone to remove the PMMA.  

Physical analysis was then done to the three samples. Raman spectroscopy is 

done for the three pieces and the comparison is carried out by comparing the ratio of 

D/G peaks over a mapping area of 20 x 20 µm
2
 using 5 seconds exposure time, 4 

averaging number, 50x lens and a 532.2 nm laser beam. SEM images at 1000x are taken 

for the three samples for a 200 x 200 µm
2
 area to study discontinuities. AFM 
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measurements are taken for the three samples for a 50 x 50 µm
2
 area to study surface 

roughness.  

After physical analysis of transferred films is complete, electrical analysis is to be 

performed. First, we studied the feasibility of a lift-off process on Graphene and came 

up with a working recipe in terms of PR, contact metal, and deposition technique 

choices. It is a critical step to ensure that our Graphene can be patterned and devices 

can be fabricated on it using regular photolithography. This is because most expenses 

(30%) in fabrication industry are due to photolithography module (Figure 23) [53] . 

Hence, we had to ensure no special patterning or deposition techniques are required for 

building devices on our Graphene. After spinning PR and in one version patterning 

Graphene to isolate inspected areas (discussed in “Chapter VI: Electrical Analysis 

(Results and Discussion)”), the metal contacts are deposited. Then lift-off is performed. 

Finally contact resistivity measurements are taken using Transmission Line Method 

(TLM).  

 

Figure 23: Cost Split per Wafer for Different Processing Steps [53] 
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Figure 24 shows a flow chart for the methodology followed in this work. Results 

and discussion are reported afterwards. 



 

 

Patterning using ECI 3027, Deposit Ti/Au bilayer,  
Lift-off in Acetone  

Raman Spectroscopy, AFM, and SEM 

Wet Chemistry Etching of Cu 

CVD on Cu Foil   Graphene Synthesis 

Graphene Transfer 

Direct Transfer PMMA Transfer Pick-up Transfer 

Physical Analysis of Graphene 

Study Lift-off Process 

Perform Lift-off 

Using O2 plasma descum Recipe Pattern Graphene 

Using TLM method Measure Contact 

Resistivity 

Figure 24: Thesis Methodology Summary 



Chapter V: Physical Analysis (Results and Discussion) 
 
 In this chapter, we provide a brief explanation of the Raman spectrum of 

Graphene as the most widely accessible and used physical characterization technique. 

Then, we discuss the two physical comparison attempts that were carried out,  “Run  1”  

and  “Run  2”. Each consisting of three samples of CVD Graphene grown in the same run 

and transferred using a different technique. The next chapter concludes with electrical 

analysis of the three samples. 

Raman Spectrum of Graphene  
 

Raman spectroscopy is the most widely used technique for Graphene sheets 

primary characterization. Conceptually, Raman spectroscopy detects the inelastic 

Raman scattering of a monochromatic light. The photons from the monochromatic light 

hit the sample and due to the inelasticity of Raman scattering the photons energy is 

shifted up or down depending on their interaction with vibrational modes of sample 

elements. These vibrational modes (phonons) require energy. The energy is given in the 

form of heat energy from surroundings (Boltzmann constant x Temperature in Kelvin 

gives energy in electron volts), or provided by a laser beam in Raman spectroscopy. 

Equation (3) shows how the Raman shift is calculated. 

𝚫  (𝒄𝒎 𝟏) = 𝟏
𝟎(𝒄𝒎) −  

𝟏
𝟏  (𝒄𝒎)            (3) 

 

 (Where 𝛥  is the Raman shift,   is the wavelength of incident laser, and    is 

the wavelength of the detected reflected beam after hitting the sample)        
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In Stokes Raman scattering, the electron absorbs energy greater than the energy 

it releases when it goes back from excitation state (Figure 1).  This leads to a reduction 

in the reflected photon energy as part of the incident photon energy is lost in the 

transition and dissipated as lattice phonons. And since photon energy is given by the 

product  of  Plank’s  constant  and  frequency,  lower  energy  means  lower  frequency.  The  

lower frequency translates into a higher wavelength    (f=c/). Hence, the Raman shift 

is positive. On the other hand an Anti-Stokes Raman scattering results in a negative 

Raman shift. Due to the perturbation in the sample Stokes and Anti-Stokes scattering 

occur between same energy levels but opposite transitions. This tells that Raman 

spectrum should be evenly symmetric around the intensity axis. Hence, we inferred 

information from the positive side suffices.  

 

Figure 25: Energy Band Diagram Depicting Transition Types of Generic Atom (Copied from Wikimedia Commons) 



60 
 

   Graphene not only has a unique Raman spectrum but also number of layers 

dependent. This concludes why it is the most widely used technique for primary 

inspection of Graphene sheets [54]. Graphene spectrum has three main peaks as 

depicted in Figure 26 from  Pimenta  et  al’s  paper  in  Physical  Chemistry  [55].   The main 

three  peaks  of  interest  in  this  work  are  the  D,  G,  and  2D  peaks.  The  D’  peak  is  not  a  

concern as it  will  not  show  in  our  Graphene  spectrum.  The  D’  peak  was  due  to  Pimenta  

et al using an n doped Graphene. The randomly scattered impurities split the G-peak 

into  G  and  D’  peaks  due  to  the  interaction  of  impurities  vibrational  modes  with  phonon  

modes of Graphene, which is not of our concern as we are using intrinsic Graphene.  The 

D peak arises from disorders in sp
2
 hybridized Carbon systems, i.e. defects in Graphene. 

The G peak arises due to the E2g doubly degenerate (due to splitting of the electronic 

bands) vibrational mode that occurs due to stretching of C-C bonds in Carbon materials 

[56]. The 2D peak is due to a second-order two-phonon process and is present in all sp
2
 

Carbon materials. The intensity of the peaks is taken in arbitrary units as it is the relative 

intensities of each peak to the others that matter. The Raman shift is dependent on the 

excitation frequency of the laser as mandated by equation (3).  
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Figure 26: Main Identifying Peaks in Graphene's Raman Spectrum [55] 

 

 There are different ways that tell how many layers of Graphene are present. One 

way is by analyzing the 2D peak. For instance, Calizo et al did spectrum de-convolution 

for the 2D peak to obtain the Lorentzian peaks (peaks corresponding to resonant 

frequencies/transitions) which overlap to form the 2D peak we see in Raman spectrum. 

Table 3 shows the results of their analysis, and Figure 27 shows a graphical 

representation of the results [54]. These results have also been confirmed and added on 

by Piscanec et al who correlated number of layers with a shift to the left of the G peak 

as well (Figure 28).  

 

Table 3: Lorentzian peak positions for 2D Raman peak corresponding to different numbers of layers [54] 
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Figure 27: Lorentzian break down of the 2D peak dependency on Graphene layers present [54] 

 
Figure 28: G peak shifts left while 2D peak shifts right and widens as number of Graphene layers increase [56] 

 

  Another way of inferring the number of Graphene layers is by comparing the 

relative intensities of the 2D and the G peaks. Figure 29 shows the difference in relative 

intensities between 2D and G peaks for different number of Graphene Layers [57].  
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Figure 29: Relative intensity ratio between 2D and G peaks infer number of Graphene layers [57] 

  

 This gives a brief explanation of the Graphene Raman spectrum that will be 

helpful in further discussion in analyzing synthesized and transferred Graphene in this 

work; most importantly, the defectivity of the sheets from the relative intensity of the D 

peak to G peak, and the number of layers present from the relative intensities of the 2D 

peak to the G peak.  

Graphene Characterization 
 

The first step in Graphene characterization is ensuring we have a uniform layer 

of Graphene for fair comparison of the samples. The results  from  “Run  1”  and  “Run  2”  

are summarized at the end of this chapter (Table 4). Figure 30 shows three mapping 

areas of 50 x 50 µm
2
 each for 2D/G peaks ratio in the as grown sample. The sheet shows 

poor uniformity as the ratio predominantly ranges between 0.5 and 0.7 giving a 

thickness variation around 33.3% (~ 0.6 +- 0.1). This should not affect the physical 

results as we have FLG (~3-10) so  this  variation  wouldn’t  make  significant difference in 

the number of layers as it would still be few layers Graphene +/- a layer or two. Also 
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since all samples to be compared are taken from the as grown sample they should all 

have the same variation which makes the relative physical analysis results more 

important than the absolute values. As for the specific contact resistivity measurements, 

it has been experimentally reported that the number of layers has no effect [47]. 

However, given the tedious efforts in achieving this uniformity and the infeasibility of 

achieving better results for a 3 x 3 cm
2
 sample, it is within acceptable range. Given this 

ratio and the aforementioned explanation on Raman spectroscopy, this ratio tells we 

have FLG. Figure 31 shows the G/D peaks ratio representing the defectivity variation in 

our as grown sample. Having a ratio of 5-6 for G/D is average quality Graphene as a ratio 

of 10 is considered high quality Graphene this matches the values for CVD grown 

Graphene by Reina et al which ranged 3-20 [37].  

 

Figure 30: 2D/G peak mapping showing thickness variation for our FLG for 50 x 50 µm2 areas at 3 widely spaced 
spots in as grown sample. The ratio is predominantly between 0.5 and 0.7 by comparing the mapping colors with 

the scale bar. 
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Figure 31: G/D peak mapping showing defectivity variation of our as grown FLG for 50 x 50 µm2 areas at 3 widely 
spaced spots  

 

Then the as grown Graphene sample is cut into 3 pieces.  Sample  ‘A’  was  

transferred using direct transfer. Sample ‘B’  was  transferred  using  pick-up technique. 

Sample  ‘C’  was  transferred  using  PMMA.  Physical analysis pursued after this step and 

consisted of SEM for discontinuities detection, Raman spectroscopy for defectivity 

measurement, AFM for surface roughness measurements. 

SEM: Continuity 
 

 Figure 32 shows SEM scans for 200 x 200 µm
2
 for the three samples from  “Run 

1”  using the same electron energy (5 KeV). From  these  scans  we  observe  that  sample  ‘A’  

has  the  least  discontinuities  while  sample  ‘C’  has  the  most.  For  “Run  2”,  an  optical  

microscope with high resolution was used to be able to observe a 50 x 50 µm
2 

area 

optically as with SEM. Figure 33 shows the three images with no observable significant 
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difference as they are all perfectly continuous in this area. This highlights a very crucial 

challenge which is common to characterization of all nanomaterials. That is, the analysis 

and characterization techniques are limited in the sizes/areas they can analyze. Hence, 

most conclusions are built on analyzing random points and reporting results for 

representative samples that even if same samples were used, results might change due 

to analyzing a different area. In our case, this raised doubts that physical analysis 

wouldn’t  suffice  and  stressed the necessity of electrical measurements for more 

tangible results.  

 

Figure 32: SEM Images of Samples 'A' (Top Left), 'B' (Top Right) and 'C' (Bottom Right) 
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Figure 33: Optical Images of Samples 'A' (Top Left), 'B' (Top Right) and 'C' (Bottom Right) 

Raman: Defectivity 
 

 Raman measurements were  taken  for  “Run  1”  using  D/G peaks ratio over a 

mapping area of 20 x 20 µm
2
 using 5 seconds exposure time, 4 averaging number, 50x 

lens (2 µm spot size) and a 532.2 nm laser beam. Figure 34 G/D peaks ratios for the 

three samples showing relative defectivity. The smaller the ratio means that the 

Graphene has higher defectivity. Hence,  sample  ‘B’  has  the  lowest  defectivity  (average  

ratio  ~4.5)  while  sample  ‘C’  has  the  highest  defectivity  (average  ratio  ~3).   
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Figure 34: G/D Peaks Ratio for "Run 1" of Samples 'A' (Top Left), 'B' (Top Right) and 'C' (Bottom Right) 

 

 To  have  better  representative  results,  in  “Run  2”  we used a larger area of 100 x 

100 µm
2
. Moreover, we took three maps of this size per sample to compare with three 

maps in the other samples. Figure 35, Figure 36, Figure 37 show the G/D maps for the 

three samples. We conclude from these results that sample  ‘B’  has  the  lowest 

defectivity  while  sample  ‘A’  has  the  highest  defectivity.  However, it is worth mentioning 

that  although  sample  ‘B’  had  the  lowest  defectivity in  both  runs,  sample  ‘A’  had  the  

highest  in  “Run  2”  while  sample  ‘C’  had  the  highest  in  “Run  1”.  This  again  confirms  the  

incomprehensibility of the physical analysis techniques for large sized samples (1 cm
2
 in 

our case). Furthermore, it was visually obvious to the naked eyes due to the contrast 

between areas covered with Graphene and SiO2 that pick-up transfer had the 1 x 1 cm
2
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always turned into smaller few mm
2
 flakes.  But  this  wouldn’t  possibly  be  detected  using  

SEM technique to the restricted analysis to small areas at the µm
2
 scale. 

 

Figure 35: Three G/D maps for Sample 'A' 

 

Figure 36: Three G/D maps for Sample 'B' 

 

Figure 37: Three G/D maps for sample 'C' 

 

  



70 
 

AFM: Surface Roughness 
 

 Surface roughness measurements were taken using intermittent mode (non-

contact to prevent destruction of delicate Graphene layers) for a 50 x 50 µm
2
 area. The 

measurements  for  “Run  1”  were  taken  using  10%  power  gain,  10%  current  gain,  128  

points per line, and a speed of 0.1 lines per second. All measurements were prepared 

using Gwyddion by first leveling using polynomial background, data correction using 2D 

Fast Fourier Transform filtering to split wave from the surface roughness information), 

leveling to make facets point upward, and finally removing horizontal strokes. Figure 38 

shows  the  surface  roughness  measurements  results  from  “Run  1”.  The results show that 

sample  ‘C’  has  the  lowest  surface  roughness,  while  sample  ‘A’  has  the  highest  surface  

roughness. The high values of surface roughness is partially caused by the thickness 

variation of the sheet (number of layers) as well as the possibility of having trapped 

particles between the transferred Graphene sheet and Si/SiO2 substrate. However, 

these thickness and trapped particles variations are applicable to all three samples. 

Since we are interested in relative surface roughness, the comparison validity is not 

affected. 

Measurements  for  “Run  2”  were  performed  at  higher  resolution  of  256  points  

per line and for a smaller area of 20 x 20 µm
2
. The results from this run confirmed 

results  from  “Run  1”  as  sample  ‘A’  had  the  highest  and  sample  ‘C’  had  the  lowest  

surface roughness (Figure 39). 
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Figure 38: Surface Roughness Results from "Run 1" 

 

 

Figure 39: Results for Surface Roughness from "Run 2" showing Sample 'A' with highest Surface Roughness and 
Sample 'C' with Lowest Surface Roughness 
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Table 4 shows  a  summary  of  results  for  physical  characterization  runs,  “Run  1”  

and  “Run  2”. Physical analysis proved to be inconclusive in terms of defectivity and 

discontinuities measurements. Although  sample  ‘B’  had  the  lowest  discontinuities in 

both runs,  sample  ‘C’  and  ‘A’  exchanged  positions  for  highest  defectivity.  Moreover, 

discontinuity analysis on the micro scale gives results that contradict visual analysis on a 

whole sample scale. On the other hand, surface roughness measurements showed that 

sample  ‘C’  had  the  lowest  surface  roughness  in  both  runs.  In order to achieve more 

conclusive results, electrical measurements had to be taken into consideration when 

determining which is the best technique. 
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Run  Highest 

Defectivity 

Lowest 

Defectivity 

Highest 

Discontinuities  

Least 

Discontinuities 

Highest 

Surface 

Roughness 

Lowest 

Surface 

Roughness 

“Run  

1” 

‘C’ ‘B’ ‘C’                          

Visually  ‘B’ 

‘A’ ‘A’ ‘C’ 

“Run  

2” 

‘A’ ‘B’ All three samples had good 

continuity on the micro scale (50 x 

50 µm
2
) 

‘A’ ‘C’ 

Table 4: Summary of Physical Analysis Results for "Run 1" and "Run 2" 
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Chapter VI: Electrical Analysis (Results and Discussion) 

 
This chapter is concerned with the contact resistivity measurements for the three 

transferred samples to conclude our comparison of the most efficient transfer method. 

However, due to the importance of this measurement as an essential milestone towards 

high performance Graphene devices, we study this part in more details. Nagashio in 

International Electron Devices Meeting  (IEDM),  2009,  put  it  as  “Metal/Graphene Contact 

as a Performance Killer of Ultra-high Mobility Graphene”  [58]. We also report achieving 

a lower specific contact resistivity than the reported value today in literature as part of 

this thesis contribution. Figure 40 provides a debrief about the contents of this section.    

 

Figure 40: Debrief about contact resistivity measurements 
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Experimental Procedure 

Lift-Off Study 
  

To implement our contact study, we first had to ensure we have a successful 

lithography technique for successfully depositing metal contacts on Graphene. Since 

Graphene is very delicate and can easily get a doping effect due to deposition of films on 

top [59], a lift-off lithographic technique had to be followed instead of depositing then 

etching the metal contacts.  

 To achieve this, different PR and exposure doses have been used on Heidelberg 

e-beam exposure tool. Our first approach was using different PRs to achieve a re-

entrant profile for lift off. This was done by spinning PR on SiO2 /Graphene dummy 

wafer and running an exposure series on the Heidelberg tool. Then we develop PR and 

figure out which energy gives the best features using this PR. Afterwards, we expose our 

mask design using the suitable energy dose and develop. After development we deposit 

the metal contacts using thermal e-beam evaporation or sputtering at very low 

energies. Finally, we analyze the PR/Metal profile using SEM and perform lift-off in 

Acetone.  

Appendix B includes tabulated summary of our contact study runs. From the 

tabulated summary we conclude the following. Using “AZ1512 +ve” PR with a recipe 

that gives a thickness of 1.4 µm and sputtered 15 nm Aluminum (Al) at 45 Watts then 70 

nm at 150 Watts,  doesn’t  give  a  re-entrant profile (Figure 41) and on performing lift-off, 

Al is gone from everywhere. The second trial was using same PR but sputtering 20 nm of 

Titanium (Ti) at 48 Watts followed by 70 nm Ti at 150 Watts. This second trial worked 
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and Ti contacts remained on Graphene although we had to sonicate in Acetone for 30 

seconds. However, the measured resistance for same separation between contacts was 

equivalent to measured resistance for same distance while directly probing the 

Graphene. This infers that the contacts are functioning as they should as contacting 200 

x 200 µm
2
 contacts separated by distance x activates a Graphene sheet of 200 µm width 

and should definitely give a much lower resistance compared to contacting a Graphene 

sheet of width equal to the contact tip of the probes. We have also tried double layer lift 

off using lift off resist (LOR) and AZ1512 and 2 layers of  AZ1512  but  it  didn’t  give  a  re-

entrant  profile  and  the  metal  didn’t  come  off  at  all  (i.e.  PR  lift  off  in  Acetone  didn’t  work  

out). 
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Figure 41: SEM Image showing resultant profile using AZ1512-HS +ve PR with Sputtered Al on top 

 

Then we resorted to “AZ5214 –ve”  PR  with  image  reversal  capability followed by 

10 nm of sputtered Ti then 60 nm Gold (Au). This achieved a re-entrant profile (Figure 

42) and the lift off was successful without sonication. Due to the added exposure and 

baking  step  for  image  reversal  technique  we  tried  using  “ECI3027  +ve”  PR  using  a  recipe  

that gives 4 µm thickness. This is a good alternative as we are just lifting off 70 nm of 

metal. Hence, a PR with 4 µm thickness should suffice for this lift-off. However, it was 

still to be proven that this PR works with Graphene (i.e. would come out from exposed 

areas and not stick to Graphene during development, and will not take Graphene out 

when removed during lift off). We did this trial using a thermal e-beam evaporated 
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bilayer of 10 nm Ti/50 nm Au without breaking the vacuum (same run and same tool). 

On measuring the specific contact resistivity we got values 3 times larger than reported 

values in literature for same metal bilayer contacts [60].  

  

 
Figure 42: SEM Image of Re-entrant profile using AZ5214 -ve PR with Image reversal capability 

 

 So far the goal was to figure out a working lift off process regardless of the 

method the Graphene was transferred. This is an important step in getting reasonable 

specific contact resistivity values to validate our comparison and increase its 

significance. The next step in the process is to find an etching recipe for Graphene to be 

able to pattern it and obtain suitable test structures for the contact resistivity 

measurements.  

Graphene Etching 
 

Graphene etching was performed by regular descum recipe used to remove PR 

residues. It is a reactive ion etching process (RIE) and consists of exposing to Oxygen 
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plasma using inductively Coupled Plasma (ICP) forward power of 350 Watts, Radio 

Frequency  (RF)  generator’s  power  of  20  Watts,  50  standard  cubic  centimeter  (sccm)  of  

O2 , and DC bias of 160 Volts for 60 seconds.  

Materials (Ti/Au) 
 

For contact material selection, we first deposited 60 nm of Au directly on 

Graphene which came out during lift off due to poor adhesion. Then we added an 

adhesion layer of 10 nm Ti and the lift off was successful. Ti/Au bilayer contact resistivity 

was the benchmark we adopted from literary work as it is the most commonly reported. 

We have also tried different deposition methods for the metal contacts. We tried 

sputtering using very low power to avoid damaging the Graphene which in most cases 

was detrimental to the lift off and at best lift off worked providing very high contact 

resistivity due to damages to Graphene. Hence, we resorted to less physically impactful 

deposition process which is thermal e-beam evaporation. We always deposited the 

bilayer metals in the same run without breaking the vacuum to avoid formation of metal 

oxide between the bilayer. Thermal e-beam evaporation gave much better results and 

led the way to comparing our values to values reported in the literature.  
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Contact Resistivity Measurement Model 

Isolated Test Structures  
 

 Figure 43 shows the Graphene patterning mask to isolate the Graphene flakes. 

Using this mask the shaded areas represent the areas where Graphene is etched to 

isolate the rectangular non-shaded area. 

 

Figure 43: Graphene Patterning mask (Dimensions in µm) 

 

After Graphene is etched, Figure 44 mask is used to pattern the PR holding the 

metal for lift off. The shaded areas are the areas where metal contacts will stay and the 

non-shaded areas are where the metal will go with the lift off. In this mask the contact 

area is 100 x 250 µm
2
. 
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Figure 44: Mask used to pattern PR for metal lift off (Dimensions in µm) 

 

Non isolated Test Structures 
 

 Figure 45 shows the non-isolated structures used to extract specific contact 

resistivity between metal contacts and Graphene. This mask uses 200 x 200 µm
2 

contacts and no Graphene patterning. This is the mask used for the comparison as it 

avoids unnecessary processing done unto Graphene. To  make  sure  this  doesn’t  affect  

our results, we did a control run using same conditions for isolated and non-isolated 

masked samples and the same specific contact resistivity was extracted, rendering the 

isolated mask steps unnecessary. This can be explained as the transported charges 

always go through the shortest path which in our case leads to the Graphene sheet 

between the contacts of same width as the contacts. 
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Figure 45: Non-isolated Mask 

 

2-probes measurement and TLM Calculation 
        

The 2-Probes measurement technique is implemented by probing 2 contacts 

separated by a distance d, and calculating the total resistance, RT, between them. Figure 

46 shows the test structure for this technique. This technique can be used to implement 

TLM by taking measurements between contacts separated by different distances then 

plotting and fitting the results to construct a straight line described by equation (4) [61].  

 

Figure 46: Test structure for 2-probes measurement techique [61] 
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(4) 

(Where RT is the total measured resistance in Ω, Rsh is the sheet resistance in 

Ω/square,  d is the separation distance between the two contacts, Z is the contact 

width and Rc is  the  contact  resistance  in  Ω) 

 Nagashio et al explained in their "Contact resistivity and current flow path at 

metal/graphene contact" that current enters the Graphene at the edge of contact metal 

and the length of the contact has no effect as long as it is larger than the transfer length 

[62]. This explains why the the  length  of  the  contact  doesn’t  show  up  in  equation (4).  

The transfer length is the characteristic distance over which the current changes under 

the metal contact [63].  Figure 47 shows a sample plot with all parameters extracted 

from the measurements, referred to as the TLM. The specific contact resistivity is the 

commonly reported value in literature and it is simply given by equation (5) in  Ω  cm2
.  

 

Figure 47: Plot representing extracted parameters using TLM [61] 

 

𝑹𝒄(𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄) = 𝑳𝑻𝟐  𝒙  𝑹𝒔𝒉        (5) 
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(Where LT is the transit length which can be extracted from the intersection of the 

best fit line with the separation distance axis (Figure 47) and Rsh is the sheet 

resistance) 

Measurements Results and Discussion 
 

 Using TLM three plots were constructed for Ti/Au metal contacts and the specific 

contact resistivity was extracted. For every point in the plotted lines, 4 to 8 

measurements were taken for the same distance and the median is calculated and 

plotted. This is for more accurate results. The 4 to 8 measurements depended on the 

number of visually continuous clean contacts with acceptable Graphene in sheet in 

between. All  values  were  compared  to  the  values  reported  in  Joshua  Robinson  et  al’s, 

Pennsylvania State University, “Contacting  Graphene” [60]. Figure 48 and Table 5 show 

the  results  for  Sample  ‘A’.  Figure 49 and Table 6 show  the  results  for  Sample  ‘B’.  Figure 

50 and Table 7 show  the  results  for  Sample  ‘C’. 
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Figure 48: TLM Plot for Sample 'A' 

Calculations 
Parameter Value Unit 

Z (length of pad) 200 µm 

Rsh/Z (from slope of plot) 9.5055 Ω/µm 

Rc (Y-intercept of plot/2) 135.185 Ω 

LT (X-intercept of plot/2) 14.22176635 µm 

Rsh (Sheet resistance) 1901.1 Ω /sq. 

Rc(Specific) (Specific Contact resistivity) 384513.8967 Ω. µm
2
 

Rc(Specific) (Specific Contact resistivity) 0.003845139 Ω .cm
2
 

Greater than reported value by 19.2 
X reported in 

literature 

Table 5: Calculated TLM values for Sample 'A' 
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Figure 49: TLM Plot for Sample 'B' 

Calculations 
Parameter Value Unit 

Z (length of pad) 200 µm 

Rsh/Z (from slope of plot) 3.1672 Ω/µm 

Rc (Y-intercept of plot/2) 101.76 Ω 

LT (X-intercept of plot/2) 32.12932559 µm 

Rsh (Sheet resistance) 633.44 Ω /sq. 

Rc(Specific) (Specific Contact resistivity) 653896.0344 Ω. µm
2
 

Rc(Specific) (Specific Contact resistivity) 0.00653896 Ω .cm
2
 

Greater than reported value by 32.5 
X reported in 

literature 

Table 6: Calculated TLM values for Sample 'B' 
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Figure 50: TLM Plot for Sample 'C' 

Calculations 
Parameter Value Unit 

Z (length of pad) 200 µm 

Rsh/Z (from slope of plot) 40.299 Ω/µm 

Rc (Y-intercept of plot/2) 27.8355 Ω 

LT (X-intercept of plot/2) 0.690724336 µm 

Rsh (Sheet resistance) 8059.8 Ω /sq. 

Rc(Specific) (Specific Contact resistivity) 3845.331449 Ω. µm
2
 

Rc(Specific) (Specific Contact resistivity) 3.84533E-05 Ω .cm
2
 

Greater than reported value by 0.19 
X reported in 

literature 

Table 7: Calculated TLM values for Sample 'C' 

 

 Based  on  these  results,  we  conclude  that  sample  ‘C’  has  the  lowest  contact  

resistivity and thus PMMA transfer in the most efficient method for best electrical 

performance. Indeed, these electrical results confirm that PMMA transfer is the most 

efficient method. This also confirms the results published by Allen Hsu et al, MIT, 

indicating the strong correlation between surface roughness and contact resistivity [64]. 

In our case physical analysis systematically showed that PMMA transfer had the least 
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surface roughness and electrical analysis supported as it showed that PMMA transferred 

sample had least specific contact resistivity. This result is conclusive unlike physical 

analysis due to the large area that is taken into consideration in this electrical analysis. 

For instance, our mask is 2 mm x 2 mm and we always had 2 blocks of the mask widely 

spaced on the sample which gives representative results as our samples were ~1 cm2, 

whereas physical analysis at best was concerned with analyzing few 100 x 100 µm2 areas.  

 We also report that using our transfer technique we achieved a lower value than 

the reported in literature for Ti/Au contacts. Moreover, our results show that CVD 

Graphene might still exhibit higher quality even after transfer compared to the SiC 

epitaxial grown Graphene used in benchmark paper by Joshua Robinson et al. Table 8 

shows how our contact resistivity measurements compare with other reported values in 

the literature. This is an important contribution as we used CVD Graphene instead of SiC 

or mechanically exfoliated flakes, i.e. large scale, and achieved least specific contact 

resistivity reported so far. Although our results compare to Allen Hsu et al, MIT, who 

used also CVD Graphene with PMMA transfer and reported close contact resistance 

values to ours, we still have an edge. First, Hsu et al used AZ5214 –ve PR with image 

reversal capability which requires an extra image reversal baking at 120oC for 120 

seconds followed by ultra violet flood exposure for 20 seconds at 2000 Watts compared 

to ECI3027 PR. Second, Hsu et al used a 5 nm of e-beam evaporated Al sacrificial layer 

before lift-off that was etched during PR development before contact deposition 

suggesting a reduction effect in Graphene surface roughness. Another difference is that 

Hsu et al used a tri-metal contact of Ti/Pd/Au compared to our bilayer Ti/Au contacts. 

Hence, our process provides a simpler route to such a low contact resistance.  



First Author Institution Journal Year Growth 

Method 

Transfer 

Method 

Contact 

Metal 

Contact  Resistance  (Ω) Specific Contact 

Resistivity 

(Ω.cm2
) 

A. Venugopal et 

al [47] 

 

University of Texas at 

Dallas 

Applied Physics 

Letters 

2010 Exfoliation -- Ni 490-1090 -- 

K. Nagashio et al 

[65] 

 

University of Tokyo Applied Physics 

Letters 

2010 Exfoliation -- Ti/Au 100-10
5
 (Assuming 

channel width of 10 µm) 

-- 

S. Russo et al 

[66] 

University of Tokyo Physica E 2010 Exfoliation -- Ti/Au 45.5 -- 

Allen Hsu et al 

[64] 

Massachusetts 

Institute of Technology 

IEEE Electron 

Device Letters 

2011 CVD PMMA 

Transfer 

Ti/Pd/Au 20 -- 

Joshua Robinson 

et al [10] 

Pennsylvania State 

University 

Applied Physics 

Letters 

2011 SiC -- Ti/Au -- 2 x 10
-4 

This work King Abdullah 

University of Science 

and Technology 

-- 2012 CVD PMMA 

Transfer 

Ti/Au 27 3.8 x 10
-5

 

Table 8: How This Work Compare to Current Progress in Literature 

  



Chapter VII: Conclusion (Summary and Future Works) 
 
 In this work we have compared three different transfer methods, namely; Direct, 

Pick-up and PMMA transfer. The comparison was aimed at determining the most 

efficient method for high performance Graphene devices. We have approached the 

issue by pursuing two types of analysis; physical and electrical. Physical analysis proved 

inconclusive though some insights have been provided on the issue. On the other hand, 

electrical analysis provided conclusive results due to its more representative technique 

(TLM) utilizing significant portion of the samples. In our attempt to pursue the analysis, 

we have studied Graphene synthesis, Graphene transfer, Raman spectroscopy of 

Graphene, Lift-off of metal bilayers from Graphene, and TLM for extracting the specific 

contact resistivity. We conclude that PMMA transfer method provided Graphene with 

the least contact resistivity and is the most suited for Graphene devices. Furthermore, 

partial work from this thesis has been accepted for oral presentation in Materials 

Research Society (MRS) fall meeting, Boston, November, 2012. Moreover, from our 

study on contacting Graphene we reported specific contact resistivity that is 0.19 times 

that found in literature. The reported value for specific contact resistivity by Joshua et al 

was 2 x 10
-4

 Ω.cm2
 whereas we reported a value of 3.8 x 10

-5 Ω.cm2
. This study is a 

milestone and opens the doors for deeper comparative analysis of transfer methods and 

highlights the necessity of relating electrical performance rather than physical in the 

characterization of nano-materials.  
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Appendix A : Sample Growth Runs File 
 

Run 

Number 
Purpose 

Sample 

Size 

1 Reproduce Best results (3 layers+ 2 layers) 
5.5 x 3.4 

cm2 

2 Comparing the effect of final temperature 
5.5 x 3.4 

cm2 

3 Repeat Run 2 for more Grown Graphene to Transfer 
1.5x3cm

2 

4 Repeat Run 2 for more Grown Graphene to Transfer 1x1 cm2 

5 Repeat Run 2 for more Grown Graphene to Transfer 
10x10c

m2 

6 Repeat Run 2 for more Grown Graphene to Transfer 
10x10c

m2 

7 Hydrogen etching of multi-layer graphene 1x1 cm2 

8 Repeat Run 2 using dilute methane expecting fewer layers 1x1 cm2 

9 
Based  on  run  8  and  2….fewer  layers  lie  in  maintaining  total  growth  sccm  

with lower partial pressure for Methane 
1x1 cm2 

 

    

Ramp Up Parameters 

(remove the CuO on foil and 

smooth Surface) 

Pre-Growth Parameters 

(Stablize Surface) 

Run 

Nu

mbe

r 

Sample Preparation 

Temper

ature 

(Celsuis) 

Time 

(minu

tes) 

Ar 

(scc

m) 

H2 

(scc

m) 

Temper

ature 

(Celsuis

) 

Time 

(min

utes) 

Ar 

(sc

cm

) 

H2 

(sc

cm

) 

1 

Acetic 1min-DI 1 min-

Acetone rinse-DI rinse-IPA 

rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

2 

Acetic 1min-DI 1 min-

Acetone rinse-DI rinse-IPA 

rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

3 
None (To reduce wrinkles 

as H2 cleans the surface) 
1000 30 200 500 1000 3 0 

50

0 

4 

Acetic 1min-DI 1 min-

Acetone rinse-DI rinse-IPA 

rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

5 

Acetic 1min-DI 1 min-

Acetone rinse-DI rinse-IPA 

rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 
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6 

Acetic 1min-DI 1 min-

Acetone rinse-DI rinse-IPA 

rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

7 none 800 15 0 100 800 15 0 
10

0 

8 

Acetone-DI- Acetic 1min-DI 

1 min-Acetone rinse-DI 

rinse-IPA rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

9 

Acetone-DI- Acetic 1min-DI 

1 min-Acetone rinse-DI 

rinse-IPA rinse-N2 Dry 

1000 30 200 500 1000 3 0 
50

0 

 

  Growth Parameters (Grow Graphene) Cooling Down Parameters 

Run 

Num

ber 

Tempera

ture 

(Celsius) 

Time 

(minu

tes) 

Ar 

(scc

m) 

H2 

(scc

m) 

Met

hane 

Final 

Temperatu

re (Celsius) 

Chamber 

Pressure (MPa 

above 1 atm) 

Cooli

ng 

Gas 

 Time 

(minut

es) 

1 1000 2 0 500 50 370 0.03 N2 30 

2 1000 2 0 500 50 44 0.03 N2 159 

3 1000 2 0 500 50 54 0.03 N2 173 

4 1000 2 0 500 50 90 0.03 N2 150 

5 1000 2 0 500 50 45 0.03 N2 159 

6 1000 2 0 500 50 45 0.03 N2 159 

7           45 atm N2 161 

8 1000 2 0 500 

50 

(dilu

ted) 

44 0.03 N2 150 

9 1000 2 25 500 25 44 0.03 N2 150 

 

  Raman Results 

Run 

Number 

Number of 

Layers 

Unifor

mity 
Comments 

Best so 

far? (Y/N) 

1 3 good 
Looks darker than original sample..Graphene 

Oxide. Needs confirmation 
N 

2 3 good Looks similar to original Sample Y 

3 3 Worse 
Looks less shiny compared to original Sample. 

Cleaning is necessary 
N 

4 3 good Looks similar to original Sample N 

5 3       

6 3       
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7 
Reduced to 

2 
bad 

Some sopts got reduced to bilayer started 

seeing graphene hexagonal  

grain boundaries when adjusting focus of 

Raman Optical Microscope 

Y for H2 

etch 

8 0 _ No growth N 

9 3 good     
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Appendix B: Table for Contact Study Runs Summary 
 

Run Resist 1 
Resist 

type 
Spin speed 

Spin 

time 
Thickness Bake 

1 AZ 1512 HS +ve' 3000rpm 30 s 1.4um 100C 60s hotplate 

2 AZ 1512 HS +ve' 3000rpm 30s 1.4um 100C 60s hotplate 

3 AZ 5214  

-ve' image 

reversal 

capability 

3000rpm 30 s 1.6 

105  c  for  120  s….image  
reversal 120 c for 120 

s…..flood  exposure  for  
20 s at 2000W 

4 LOR LOR 

0-800-

3000 rpm, 

10000 

rpm/s for 

bith steps 

45 s 500 nm 195 c for 7 minutes 

5 AZ 1512 HS +ve' 3000rpm 30 s 1.4um 

100 c for 60s + Flood 

Exposure for 10 s+ PEB 

100 c for 60 s 

6 AZ 1512 HS +ve' 4000rpm 45 s 1.2um None 

7 LOR LOR 

0-800-

3000 rpm, 

10000 

rpm/s for 

bith steps 

45 s 500 nm 165 c for 5 minutes 
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8 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

9 

Shadow Mask 

with 150 um 

minimum 

feature and 

0.5 x0.5 mm2 

pads 

          

10 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

11 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

12 

ECI 3027 

(RTP at 400 C 

for 30 minutes 

in 4% H2 in 

Ar2 before PR 

spinning) 

+ve' 1750 30 s 4 um  100C 60s hotplate 

13 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

14 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 
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15 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

16 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

17 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

18 ECI 3027 +ve' 1750 30 s 4 um  100C 60s hotplate 

19 
 

          

20 

ECI 3027 

PMMA 
Transfer 

+ve' 1750 30 s 4 um  100C 60s hotplate 

21 
ECI 3027 

Direct Transfer 
+ve' 1750 30 s 4 um  100C 60s hotplate 

22 
ECI 3027 

Pickup 
+ve' 1750 30 s 4 um  100C 60s hotplate 

23 

ECI 3027 

Ag/Au on 

Tx_State 

Graphene 

(Contacts were 

Full of Cracks) 

+ve' 1750 30 s 4 um  100C 60s hotplate 

24 

ECI 3027 

Ag/Au on our 

Graphene 

+ve' 1750 30 s 4 um  100C 60s hotplate 



103 
 

25 

ECI 3027 

Ti/Au on 

Tx_state 

Graphene 

+ve' 1750 30 s 4 um  100C 60s hotplate 

 

Run Resist 2 
Resist 

type 

Spin 

speed 

Spin 

time 
Thickness Bake 

Exposure 

condition 

1             

Heidelberg 

10 mW and 50% 

exposure time 

2             

Heidelberg 10 mW 

and 60% exposure 

time 

3             

Heidelberg 

50 mW and 25% 

exposure 

4 
AZ 1512 

HS 
+ve'  3000 rpm 30 s 1.4 um 

100 c 

for 60s 

Heidelberg 10 mW 

and 60% exposure 

time 

5 
AZ 1512 

HS 
+ve'  3000 rpm 30 s 1.4 um 

100 c 

for 60s 

Heidelberg 10 mW 

and 50% exposure 

time 

6 AZ 5214 
-ve' image 

reversal 
4000rpm 45 s 1.4um 

105 c 

for 120 

s 

Contact Aligner 70 

mJ, vacuum 

contact, bright 

mask…..then  120  c  
for 2 

minutes….then  UV  
flood exposure at 

200 mJ/cm2 for 30 

s 

7 
AZ 1512 

HS 
+ve'  3000 rpm 30 s 1.4 um 

100 c 

for 60s 

Heidelberg 10 mW 

and 60% exposure 

time 
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8 

  

Heidelberg 100 

mW and 35% 

exposure time 

9   

10             

Heidelberg 100 

mW and 35% 

exposure time 

11             

Heidelberg 100 

mW and 35% 

exposure time 

12             

Heidelberg 100 

mW and 35% 

exposure time 

13             

Heidelberg 100 

mW and 35% 

exposure time 

14             

Heidelberg 100 

mW and 35% 

exposure time 

15             

Heidelberg 100 

mW and 35% 

exposure time 
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16             

Heidelberg 100 

mW and 35% 

exposure time 

17             

Heidelberg 100 

mW and 35% 

exposure time 

18             

Heidelberg 100 

mW and 35% 

exposure time 

19               

20             

Heidelberg 100 

mW and 35% 

exposure time 

21             

Heidelberg 100 

mW and 35% 

exposure time 

22             

Heidelberg 100 

mW and 35% 

exposure time 

23             

Heidelberg 100 

mW and 35% 

exposure time 

24             

Heidelberg 100 

mW and 35% 

exposure time 

25             

Heidelberg 100 

mW and 35% 

exposure time 
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Run Developer 
Development 

time 

Metal 

Deposition 

SEM 

profile 

Metal lift-off 

etch process 
Final result 

1 
AZ 726 

MIF 
45 s 

NEXDEP 

Al sputtered 

at 45 W 

(15nm)+ 70 

nm at 150 W  

Ramp 

Acetone 

Overnight + 

Sonication in 

our Lab 

Metal gone 

with PR 

2 
AZ 726 

MIF 
45 s 

NEXDEP 

Ti sputtered at 

48 W (20nm)+ 

70nm at 150 

Watts 

Ramp 

Acetone 

Overnight + 

Sonication in 

KANF at 0.1 

power (least 

possible) for 30 

s 

Good But 

measured 

Resistance 

using contacts 

is equal to 

that 

measured on 

contacting 

Graphene 

Directly 

3 
AZ 726 

MIF 
70 s 

KANF 

Sputtered 

Ti/Au 10 

nm/60nm 

 Re-

entrant 

Acetone 

overnight 

It didn't come 

out and we 

didn't 

sonicate 

4 
AZ 726 

MIF 
27 s 

NEXDEP 

Ti 50 nm at 45 

w 

  
Acetone 

Overnight 

Came out with 

Graphene 

5 
AZ 726 

MIF 
35 s 

NEXDEP 

Ti 50 nm at 45 

w 

Ramp 
Acetone 

Overnight 

Metal didn't 

come off from 

channel 

6 
AZ 726 

MIF 
60 s 

KANF 

Sputtered 10n 

Ti + 100 nm 

Au 

  
Acetone 

Overnight 

Metal didn't 

come off 

7 
AZ 726 

MIF 
27 s 

KANF e-beam 

Evaporation 

10nm Ti/ 50 

nm Au 

  
Acetone 

Overnight 

Came out with 

Graphene 

8 
AZ 726 

MIF 
60 s 

UV flood 

exposure at 

2KW for 60 s,  

KANF e-beam 

evaporation of 

  
Acetone 

Overnight 

Contact 
Resistivity 3x 
reported in 
literature 
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10 nm Ti+ 50 

nm Au 

9           

Contact 
resistivity 
1000x 
reported in 
literature 

10 
AZ 726 

MIF 

60 s (residues-

>15 s 

overdevelop) 

UV flood 

exposure at 

2KW for 60 s,  

KANF e-beam 

evaporation of 

10 nm Ti+ 50 

nm Au 

  
Acetone 

Overnight 

Contact 
Resistivity 
1.7x reported 
in literature 

11 
AZ 726 

MIF 

60 s (residues-

>15 s 

overdevelop)+ 

O2 25 sccm, 

20mTorr, 10 s, 

20 W RF, 350 

W ICP 

UV flood 

exposure at 

2KW for 60 s,  

KANF e-beam 

evaporation of 

10 nm Ti+ 50 

nm Au 

  
Acetone 

Overnight 

Contact 
Resistivity 
1.6x reported 
in literature 

12 
AZ 726 

MIF 
60 s  

UV flood 

exposure at 

2KW for 60 s,  

KANF e-beam 

evaporation of 

10 nm Ti+ 50 

nm Au 

  
Acetone 

Overnight 

Contact 
Resistivity 13x 
reported in 
literature 

13 
AZ 726 

MIF 
60 s  

UV flood 

exposure at 

2KW for 60 s,  

Sputtering in 

our lab of 10 

nm Ti+ e-

beam evap in 

KANF of  50 

nm Au 

  
Acetone 

Overnight 
-- 
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14 
AZ 726 

MIF 
60 s  

UV flood 

exposure at 

2KW for 60 s,  

Sputtering in 

our lab of 10 

nm TaC+ e-

beam evap in 

KANF of  50 

nm Au 

  
Acetone 

Overnight 
-- 

15 
AZ 726 

MIF 
60 s  

UV flood 

exposure at 

2KW for 60 s,  

Sputtering in 

our lab of 60 

nm TaC 

  
Acetone 

Overnight 
-- 

16 
AZ 726 

MIF 
60 s 

KANF sputter 

of 10 nm Ti+ 

50 nm Au. No 

break in 

vacuum. Used 

Wiesheng's 

recipe 

  
Acetone 

Overnight 

Contact 
Resistivity 12x 
reported in 
literature 

17 
AZ 726 

MIF 
60 s 

KANF E-beam 

evaporation of 

10 nm Ti+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
5.5x reported 
in literature 

18 
AZ 726 

MIF 
60 s 

LFO40 - 10 nm 

Ti sputter low 

power. KANF 

E-beam 

evaporation of 

50 nm Au. 

Vacuum 

BROKEN 

  
Acetone 

Overnight 

Very high 
resistance! 
1000 times 
more than 
other runs. 
Schottky 
barrier profile 
instead of 
Ohmic profile 

19             

20 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ti+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
0.19 x 
reported in 
literature 
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21 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ti+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
19.2 x 
reported in 
literature 

22 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ti+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
32.5 x 
reported in 
literature 

23 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ag+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
0.06x 
reported in 
literature 

24 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ag+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 
1.3x reported 
in literature 

25 
AZ 726 

MIF 
60 s+15s 

KANF E-beam 

evaporation of 

10 nm Ti+ 50 

nm Au. No 

break in 

vacuum. 

  
Acetone 

Overnight 

Contact 
Resistivity 70x 
reported in 
literature 

 

 

 


