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ABSTRACT 

Two-dimensional materials, such as graphene, have remarkable proper&es. As one of 

the thinnest, strongest, and most conduc&ve materials known to humanity, graphene holds 

promise for revolu&onizing numerous technological applica&ons. These applica&ons all require 

different numbers of layers of graphene. However, with graphene being so thin it is difficult to 

quickly determine how many layers there are. By using an adhesion value and a height value of 

graphene one may be able to iden&fy the number of layers more accurately.  
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Introduc7on 

 

1.1: Graphene 

 

Graphene, a two-dimensional sheet of carbon atoms arranged in a hexagonal ladce 

nanostructure [1], has captured the imagina&on of scien&sts and engineers since its discovery in 

2004. Graphite naturally forms sheets of this ladce stacked on top of each other (see Fig 1.1). 

Graphite that has fewer than 10 layers is generally referred to as graphene. The discovery of 

graphene by Andre Geim and Konstan&n Novoselov [2] earned them a Nobel Prize in Physics in 

2010 [3], which cemented graphene's status as a transforma&ve material.  

 

 

Figure 1.1: Hexagonal structure of carbon atoms in graphene. These shapes are stacked on top of each other to 

then make graphite (more than ten layers). A covalent bond holds together all the carbon atoms [1].   

 

Since graphene is two-dimensional it is difficult to manipulate. There are techniques for 

growing it and techniques for making it. Both have their own pros and cons, from how much can 
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be made and how easy it is to make it, to how much it costs to make. The next sec&on goes over 

some of these techniques and the pros and cons.  

 

1.2 Produc+on of Graphene  

 

Common ways to make or grow graphene are SiC, liquid-phase exfolia&on, CVD, and 

mechanical exfolia&on. Figure 1.2, reproduced from [4], relates the quality of the final graphene 

to the expense to manufacture it. 

 

The SiC method involves epitaxial growth of graphene on a SiC substrate [4].  Since the 

graphene is grown directly on the SiC there is no transfer process leading to no residues being 

len on the device. However, this method some&mes fails to work due to the epitaxial method 

being restricted to certain substrates that have ladce-matched proper&es.  

 

A liquid-phase exfolia&on has been developed based off the mechanical exfolia&on 

method (men&oned later). This method was developed to generate a solu&on-processible 

graphene [5]. Most exfolia&on methods use a strong acid or base as the oxida&on and reduc&on 

agents. This process can be destruc&ve, causing the samples to not be uniform, which then 

makes the size and layer number of graphene hard to control [6].  

 

Another popular graphene growth method is chemical vapor deposi&on (CVD). CVD has 

been said to be the most effec&ve way to advance the industrial development of graphene [4]. 
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The CVD method has been well established in the growth in layered materials of carbon thin 

film [7]. CVD systems usually have the same several components, which include a hea&ng 

furnace, gas introduc&on system, and a reac&on chamber [8]. In CVD the carbon source will 

decompose into a carbon cluster on a metal catalyst substrate. These clusters are then diffused 

to form the graphene [4]. This method is great for mass produc&on but lacks the quality wanted 

for accurate measurements needed in this experiment.  

 

 

Figure 1.2: Common methods used for the growth and producFon of graphene. These are used for specific 

applicaFons based on the price and quality of graphene desired [4]. 

 

Mechanical exfolia&on, also known as the scotch tape method, created by Geim and 

Novoselov [2], remains the best method for studying the mechanical proper&es of graphene [4]. 

It remains the best method because the graphene is taken from bulk graphite, which has fewer 



 9 

defects than if graphene is grown. However, this method is not viable to produce uniform 

graphene in large amounts due to the poor reproducibility of this method [9]. This method was 

used for this research and is explained step by step in the methods sec&on.  
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Methods: 

2.1 Mechanical Exfolia+on 

 

The following steps were taken to create graphene using the process of mechanical 

exfolia&on. The first step involves sterilizing tweezers with acetone to get rid of any bacteria or 

junk, followed by isopropyl alcohol to remove the len-over acetone, and lastly blow drying the 

tweezers with a clean air source. These tweezers are used to grab small amounts of graphite; 

therefore, it is important that the tweezers are very clean so that only graphene will end up on 

the final chip. Scotch tape is laid s&cky side up and layered with a small amount of graphite. 

Then, the process involves s&cking the tape together to pull apart layer by layer of the graphite. 

Aner about seven or eight repe&&ons, part of the graphite starts to become transparent, which 

indicates it is ready to be transferred to a silicon (Si) chip with silicon dioxide (𝑆𝑖𝑂!) grown on 

top. This final layer that is transferred to the 𝑆𝑖𝑂! chip separates the graphite in a small frac&on 

so that some graphene will be deposited. When this transfer is completed there will be some 

spots of graphene and others with graphite. Figure 2.3 shows several chips used with graphene 

on them. A microscope is used to find where the true graphene is. The en&re mechanical 

exfolia&on process is depicted in Figures 2.1 and 2.2.  
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Figure 2.1: a) shows obtaining a small amount of graphite with tweezers. b) shows the graphite being firmly placed 

on a piece of scotch tape.  

 

 

Figure 2.2: a) shows the peeling process of the graphite on the scotch tape. b) shows the final transfer process to a 	

𝑆𝑖𝑂!	chip that will then be used to study the graphene.  

 

 

a b 

a 

b 
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2.2 Graphene Research Now  

 

As the uses of graphene con&nue to grow it will be important to understand exactly how 

much graphene you have on a sample. AFM studies have reported graphene to have a thickness 

of somewhere between 0.4 nm to 1.7 nm [10]. This range can be caused by numerous things, 

including the buffer layer of condensed water under the graphene and on top of the 𝑆𝑖𝑂!, 

which is not consistent in every sample. The 𝑆𝑖𝑂! plays a crucial role in holding the graphene 

samples for transporta&on and research.  

 

 

Figure 2.3: 𝑆𝑖𝑂! chips used in this experiment with mechanically exfoliated graphene transferred on them.  
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When looking under a microscope it can be difficult to find the small clumps of single 

layer graphene due to mechanical exfolia&ons randomness in the transfer process. Once 

graphene is spoAed on the microscope, we use an Atomic Force Microscope (AFM) to complete 

scans of an area believed to be thin graphene. An AFM is a technique that uses a sharp &p to 

scan the surface of the material and maps out the contours to record images on the atomic 

scale. For the purposes of this experiment, the AFM is preferred to other methods such as 

Raman Spectroscopy. Raman Spectroscopy is a chemical analysis technique that provides 

informa&on about the chemical structure of the sample based on the light interac&on with the 

chemical bonds of the material [11]. Although this is the best technique to determine how thick 

graphene is, it is not spa&ally specific and not appropriate for scanning a chip to find graphene 

amongst graphite.  

 

Since the thickness of a single layer of graphene has a large range, it can be difficult to 

tell exactly how many layers the sample has. Knowing the exact number of layers a par&cular 

graphene sample has becomes more important as the usefulness of this material grows. 

Scien&sts and engineers need to know how many layers they need and how to tell how many 

layers they have quickly. We propose a rela&onship between the thickness of the graphene and 

the graphene’s force / deflec&on curve (adhesion) needs to be found.   

 
2.3 Atomic Force Microscope 

 

An AFM was used to accurately study the graphene samples. The Bruker AFM system 

(see Fig. 2.4) is equipped with a high-resolu&on scanner, which allows for imaging with sub-
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nanometer resolu&on. The AFM does this by having three subsystems that all perform 

separately. These subsystems are sensing, detec&ng, and posi&oning [12]. The sensor is called a 

can&lever that has a small sharp &p shown in Figure 2.5. A laser shines on the can&lever and 

reflects into split photodiode. When the &p gets close enough to the sample that you want to 

scan it is affected by Van der Waals forces. These forces deflect the &p, which causes the whole 

can&lever to bend. As the can&lever is bending, the deflec&on of the laser is obtained by the 

photodetector. Lastly, there is posi&oning hardware called piezo actuators used to change the 

posi&on between the can&lever and the sample in three dimensions [12].  

 

 

Figure 2.4: Bruker dimension edge Atomic Force Microscope with ScanAsyst used in this experiment. a) shows the 

AFM with its lid on and b) shows the exposed interior parts of the AFM.  

a b 
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Figure 2.5: Inner workings of an AFM including the material surface, canFlever and probe Fp, laser, and the split 

photodiode.  

 

2.4 Tapping Mode  

 

Tapping mode is one of the most used opera&ng modes in the AFM. In this mode, the 

can&lever is forced to oscillate near its resonance frequency. When the can&lever interacts with 

the surface, the amplitude decreases. As the &p scans across the surface, the interac&ons are 

with the individual atoms on the surface of the sample. The amplitude of this oscilla&on is kept 

constant by a feedback loop. The feedback loop then adjusts the height of the &p above the 

sample surface to maintain the constant amplitude. This then generates a topographic image of 

the scan area on the sample [12].  
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2.5 Peak Force Tapping Mode 
 

This leads to the peak force tapping mode (PFT). This mode is similar to the tapping 

mode as it uses a &p to scan the sample surface to create a topographic image. However, it is 

not at a resonance frequency like in tapping mode, instead it is oscillated at its own mechanical 

resonance. Because of this, the peak force tapping’s piconewton force sensi&vity combines with 

its highest resolu&on AFM imaging to make clear scans for accurate analysis [13]. When the &p 

touches the surface, it does so with a force control. This allows the oscilla&on to be modulated 

and the force between the &p and the sample is kept constant by adjus&ng the peak force 

during each cycle of the oscilla&on. This then reduces the risk of damaging the sample and 

provides more gentle imaging condi&ons, which then provides improved imaging. This was the 

main mode used in this experiment because the scan could be done in this mode and then 

point spectroscopy could be done with the same &p.  

 

2.6 Single Point Spectroscopy 

 

Force spectroscopy is another valuable tool that the AFM provides. It is also known as 

single point spectroscopy (SPS) since the measurement this mode takes is at a single point on 

the sample. The plot that this measurement gives is known as a force or deflec&on curve 

rela&ve to the distance between the probe and the surface of the sample. The AFM is usually 

known for its high-resolu&on imaging capabili&es, but this powerful tool is also used for 

sensi&ve force measurements [14]. This allows one to generate a force / deflec&on curve for a 

single point on layered graphene.  
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Theory: 

 

3.1 Experimental Expecta+on 

 

Using either the peak force tapping or regular tapping mode on the AFM, the specific 

height of the graphene samples can be acquired. In the images of the graphene (located in the 

results sec&on), you can clearly see that there are different layers from different shades of blue. 

The blue color comes from the light refrac&on on the 𝑆𝑖𝑂!. Next, using single point 

spectroscopy, a force / deflec&on curve can be found for each sec&on of graphene with different 

layers. The important part of the curve is the adhesion data shown in Figure 3.1. This data is 

different depending on how many layers of graphene there are in the sample. With these two 

points of data, the height and adhesion value, there can be a rela&onship found to easily tell 

how many layers are in a sample.  
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3.2 Adhesion 

 

 

Figure 3.1: A) the probe approaches the graphene. B) the graphene and probe experience aRracFve Van der Waals 

forces prior to touching. C) the probe presses into the graphene unFl a given deflecFon setpoint. D) Adhesion is the 

lowest deflecFon value when the probe is removed [15]. 

 

Following the path in Figure 3.1, as the probe is approaching there is a small dip when 

the probe touches the sample. The small dip is there because the material has a slight aArac&on 

to the probe from Van der Waals forces. The slope data is taken un&l the probe reaches its set 

trigger point, which means it will start pulling away from the sample. Adhesion data can be 

explained by how much aArac&on the graphene has to the probe when it is pulling away. The 

adhesion will be visibly more or less when there are more layers or less layers. The adhesion is 

calculated as shown in Figure 3.2. 
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Figure 3.2: Force / deflecFon plot showing adhesion for bare 𝑆𝑖𝑂! on the same chip as graphene.  

 

 The adhesion is calculated by taking the force / deflec&on value circled in red in Figure 

3.2 and subtrac&ng the force / deflec&on value circled in black in Figure 3.2. For the 𝑆𝑖𝑂! the 

adhesion is about 0.325 V. This is the same calcula&on used in the force / deflec&on plots when 

the adhesion data was taken for the graphene samples (see Fig. 4.2).  

 

3.3 PloLng a Rela+onship 

 

When all the height and adhesion data has been collected for the graphene, there 

should be a rela&onship that can be made into a plot similar to the one shown below in Figure 

3.3. The plot below [10] shows the rela&onship found between the graphene’s height in nm and 

the peak force setpoint in nN. This was done by first scanning what was found to be a single 
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layer of graphene using PFT. Next, peak force setpoint was manually changed, which determines 

how hard the probe presses on the graphene. Because the height changes based on how hard 

the probe is pressed onto the graphene, it can be said that the water buffer layer between the 

graphene and 𝑆𝑖𝑂! plays a cri&cal role in the measured heights of graphene. This may be why 

the data in the results sec&on is spread out (see Fig. 4.3).  

 

Figure 3.3: Plot showing the relaFonship between graphene’s height and peak force setpoint [10].  
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Results: 

 

4.1 Graphene Scans 

 

 

 

Figure 4.1: a) shows a 20x magnificaFon of a secFon of one of the chips used in this experiment (see Fig. 2.3). 

Circled in red is where the actual scan was taken. b) AFM image of graphene. DoRed line shows locaFon of where a 

line scan was taken.  c) shows the heights of each layer of graphene taken from the doRed box in (b).  

 

a 

b 

c 
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 The scan in the sec&on circled red (see Fig. 4.1) was done using the AFM with the PFT 

mode. The plot was obtained by using a step height tool. The len side at about -0.5 nm in the 

plot is the 𝑆𝑖𝑂!. The plot shows that there are three different layers of graphene in this scan. 

The heights were recorded as 5.5 nm, 3.5 nm, and 1.25 nm from len to right. At each height SPS 

was done to determine the adhesion values (see Fig. 4.2).  

 

 

 

Figure 4.2: Adhesion data for the clump in Figure 4.1. a) shows the adhesion data for the 5.5 nm thickness. b) 

shows the adhesion data for the 3.5 nm thickness. c) shows the adhesion data for the 1.25 nm thickness. 

a b 

c 
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 Using SPS the 5.5 nm thickness recorded an adhesion of 0.15V, the 3.5 nm thickness 

recorded an adhesion of 0.2 V, and the 1.25 nm thickness of 0.25 V. This is outlined in Figures 

4.1 and 4.2. These adhesion calcula&ons were done the same way as shown in Figure 3.2. These 

steps were repeated for mul&ple clumps with mul&ple heights of graphene on mul&ple 𝑆𝑖𝑂! 

chips.  

 

4.2 Height / Adhesion Rela+onship 

 

 

Figure 4.3: Plo[ng a relaFonship between the heights of the graphene scanned and the adhesion data gathered 

from single point spectroscopy.  

 

The plot shows a slightly nega&ve slope indica&ng that adhesion will decrease with more 

layers. However, the 𝑅! value is 0.712, which indicates that the data is too spread out, and not 

precise enough to signify a causal rela&onship. This means that there is no true rela&onship 

between the heights of graphene and their adhesion values.  
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Conclusion 

 

 Overall, this experiment has proved there is a slight difference in adhesion values based 

of the height of graphene. However, Figure 4.3 shows that the data is s&ll spread out, so even 

though there is a nega&ve slope, indica&ng some rela&onship, there is no causal rela&onship 

between the number of layers and the adhesion value. This means there is no one adhesion 

value to describe a given thickness of graphene; there is only a small downward trend in the 

rela&onship.  

 

 To further this thesis experiment, the sample size and range of the study should be 

increased to determine whether the nega&ve trend between graphene’s number of layers and 

adhesion value con&nues. 
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