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Executive Summary 

 Graphene is a 2-dimensional sheet of Carbon in a crystalline lattice-work. It has only 

recently become a topic of study with the advent of the “scotch-tape” method allowing graphene 

production for characterization. Graphene’s unique structure gives it interesting optical, 

electronic, and mechanical properties. Single layer films have been shown to possess extremely 

high electrical and heat conductance, as well as being transparent. These properties give 

graphene much potential for use in nanoeletronics, such as for the fabrication of nanoscale 

electrical components. Multiple methods of graphene production have emerged along with these 

discoveries, most recently being chemical vapor deposition (CVD). CVD graphene growth is a 

process where dissociated carbon-based gas (such as methane) at high temperatures (800°C) is 

used to nucleate graphene on certain metallic substrates (e.g. polycrystalline Cu). This process 

produces graphene of varying levels that can be transferred from the original metallic substrate to 

other substrates (such as silicon). 

 While CVD graphene growth remains a reliable way to produce graphene, it is an 

inefficient method. Its requirement for high temperatures and polycrystalline metallic foils make 

it a long and delicate process. Likewise, the transfer process which replaces the original metallic 

substrate with a more desirable one provides further opportunity for error. Our project’s 

objectives are to include a remote plasma source in the basic CVD graphene growth setup. By 

doing this, the methane gas will be partially in a plasma state before reaching the substrate and 

initiating growth, aiding in the nucleation of graphene on substrates. This project aims to 

compare the characterization of the graphene grown with the classic CVD process and a plasma-

incorporated CVD process (PCVD). Ultimately, we hope to use PCVD growth to grow graphene 

under less stringent conditions than required by CVD growth, and on more diverse substrates. 
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Purpose 

 Background 

 CVD graphene growth has recently become a popular method for graphene production. 

The “scotch tape” method of graphene production, or more accurately the micromechanical 

cleavage technique, has the ability to take out high quality graphene crystals originally formed 

within the 3D structure of graphite. The 2010 Nobel Prize in Physics went to Andre Geim and 

Konstantin Novoselov for their work with this method. However, the micromechanical cleavage 

technique does not provide enough graphene for use in nanoelectronics. This method typically 

yields results on the scale of tens of microns, which is not sufficient to produce nanoelectronic 

devices.1 Chemical vapor deposition has the potential to produce a large amount of single- to 

multi- layered graphene. The setup for CVD graphene growth is basic and the materials required 

are very accessible: methane gas and polycrystalline Cu are commonly used. Our lab has used 

the CVD process to produce quality single layer graphene on a Cu substrate, which was then able 

to be transferred to a SiO2/Si substrate (see Fig. 1). 
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Fig. 1  

 

 

 

 

 

 

 

 

 

a) This is a picture taken using a microscope of graphene on a SiO2/Si substrate. The 

discolorations are due to residue from the transfer process (yellow is copper, green is PMMA). 

The light pink sections (far upper left, middle far right) are tears in the graphene film, and the 

deeper purple blotches seem to be areas where there was a buildup of carbon, possibly the start 

of multilayer graphene. 
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b) This is another picture of the same graphene sample, taken with a less powerful lens. More 

tears in the graphene are apparent at this magnification. These tears are a result of the transfer 

process. 
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 Hypothesis 

 Currently, the CVD process requires methane at temperatures exceeding 800°C, which 

constitutes high energy use and involves extended delays due to heating and cooling of the 

system. PCVD will incorporate a remote rf plasma source into the system, and the methane gas 

can be converted to plasma which will aid in the carbon’s bonding to the metallic substrate. By 

making initial bonds easier to form, the carbon from the methane plasma will not require such 

high temperatures to form graphene on metallic substrates. Thus, we hypothesize that CVD with 

a remote plasma source will allow for lower temperatures during the growth process while still 

producing quality graphene, as well as opening the possibility of using non-metallic substrates 

(such as silicon) during growth. 

Objectives 

 Our objectives were to incorporate a remote rf plasma source into the current CVD setup 

in the A.W. Smith building. Once the plasma source is successfully integrated, we tested the 

remote PCVD process with aims to grow graphene of at least the same quality as already 

produced by through CVD. We hoped to produce this graphene under less stringent conditions 

than required by the CVD process, namely at lower temperatures and possibly on different 

substrates (such as silicon oxide). During testing we will use the same setup, either turning on the 

rf plasma source or leaving it off depending on whether we plan to use the remote plasma source. 
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Review of Previous Work 

 Much research has already occurred into the characteristics of CVD graphene growth, as 

well as the possible improvements PCVD can offer. For CVD, multiple groups have already 

determined that Cu substrates at very low pressures can grow single layer graphene without 

producing additional layers during growth.2 Similarly, it is believed that polycrystalline metallic 

substrates work best for growing graphene epitaxially, as the domain size for planar graphene 

grown on polycrystalline metals matches for both of them.3 This trend suggests that for 

crystalline carbon formations to form polycrystalline substrates are required to help structure the 

growth. 

 When it comes to incorporating plasma into the CVD system, there are two general 

methods. One places the plasma-generating electric field around the substrate, which encases it 

in a shell of plasma. This method has been shown to affect the growth of graphene, causing the 

graphene film to grow in the direction of the electric field and thus perpendicular to the 

substrates surface. This is similar to how carbon nanotubes are grown, and yields graphene 

flakes.4 

 The other method for incorporating plasma is to add a remote source, which our 

experiment has done. A remote source will not affect the direction of the carbon crystal’s 

formation and thus allows for planar growth of graphene films.5 This allows for the possibility of 

multiple layers of growth, as well as larger graphene sheets for the production of nanoelectronic 

materials. 

 Also with a remote rf plasma source, the flow of hydrogen has been shown to produce 

more pronounced peaks in the Raman signals. This results from a relatively high concentration 
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of atomic hydrogen from inductively coupled plasma, which helps to etch amorphous carbon 

from the substrate at a high rate than sp2 hybridized carbon.6 Thus, by flowing hydrogen during 

growth, it helps to promote the growth of higher quality graphene over the growth of amorphous 

carbon. 

 

Concepts and Methods 

 In order to make our experimentation more systematic, we are focusing on testing PCVD 

growth with respect to one objective at a time. With this method we will be able to determine the 

thresholds for carbon deposition and hopefully crystalline growth for each condition. We will use 

a basic remote PCVD setup based off of a classic CVD system (see figure below). 

Fig. 2 

The above setup is located in the chemical engineering laboratory in A.W. Smith. The 

mass flow controller (MFC) allows for precise control over the amount of gas flow allowed into 

       Pump 

 MFC 
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the system, in our case hydrogen gas and methane. These gases flow together before passing 

through the two electrodes generating plasma from our rf source. Once ionized, the plasma 

passes into a 60 cm long quartz tube horizontally oriented in an oven which contains our 

substrate. The substrate is placed as close as possible to the thermocouple temperature gauge of 

the oven to insure the most accurate temperature gauge. From there the hydrogen and methane 

flow into the pump, which keeps the system at as low of a pressure as possible (ranging from 200 

to 1000 mTorr, depending on the temperature of the system). 

After growth is complete, a transfer process is required to move the sample from the 

polycrystalline metallic substrate onto a SiO2/Si substrate. The first step required is to coat the 

top of the graphene with a polymer layer. This polymer will keep the graphene intact while it is 

transferred from the metallic substrate to the silicon oxide substrate. Our project uses PMMA 

spin coated for 60 seconds at 2500 rpm as a polymer layer. After 2 hours of drying, sample is 

ready to be placed in a bath of 0.25 M ferric chloride solution. This dissolves away the Cu 

substrate beneath the graphene and leaves the carbon and PMMA untouched. This process takes 

about 30 minutes, upon which the sample will be dunked in 3 separate DI water bathes for 3-5 

minutes each, utilizing a cleaned SiO2/Si chip as a transport. After the last cleansing bath, a final 

SiO2/Si substrate is prepared. The substrate is cleaned with an acetone wash, an IPA wash, a DI 

water rinse, and then dried with an air blower before being used. Once the sample is on the new 

substrate, it is gently dried with an air blower and then vacuum baked for 10 minutes at 150-

160°C. At this point, the sample is ready for examination under a scanning microscope and 

characterization with Raman spectroscopy 
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Experimentation 

 Preliminary Testing 

 We first grew graphene with the classic CVD process under normal conditions (1000°C) 

in order to have a graphene sample produced from our setup with which to compare future 

results. The graphene that was produced and subsequently transferred to a SiO2/Si substrate is 

pictured above in figure 1. The data from the Raman spectroscopy of the sample are shown 

below (see fig. 3). 

Fig. 3. 

Three peaks are visible in this data. The center peak (located at approximately 1500 cm-

1), is the G peak. This peak is only present when carbon has been deposited on the sample, and 

its intensity is proportional to the amount of carbon present. 
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The D peak is the far left peak (located at approximately 1300 cm-1). The size of this peak 

is proportional to the sample’s disorder in structure. For perfectly structured graphene, the D 

peak would not be visible, and for amorphous carbon deposits it would be very large. It’s 

presence in this data can be attributed to some amount of noise in the data, as well as sample 

location. Since the entirety of the sample is not held at exactly the set temperature during growth 

(the edges of the sample do not lie above the oven’s temperature sensor and thus may be at lower 

temperatures during growth), the D peak could be a result of data gathered from the edge of a 

graphene sample. 

The 2D peak is the far right peak (located at approximately 2600 cm-1). It’s intensity is 

dependent on the ordered structure of the sample. For crystalline graphene, the 2D peak will be 

very large, while for amorphous carbon it will be non-existent. The sharpness of the 2D peak 

depends on the number of layers of graphene present; for lower number of layers, the 2D peak 

will be sharper. For the above figure, the data corresponds to a relatively uniform single layer of 

graphene growth. 

After the preliminary trials using the CVD process, we ran experiments growing on Cu 

substrates as well as directly growing on SiO2/Si substrates, using temperatures varying from 

600°C to 800°C. The rf plasma was given a constant 100 W of power for these experiments. First 

we tested the PCVD process with a Cu substrate under similar conditions to the first sample 

grown with CVD. This yielded carbon growth, but no structured graphene was formed (see fig. 

4). 
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Fig. 4 

 

As can be seen from this Raman data, some carbon was successfully nucleated onto the substrate 

(shown by the presence of the G peak). However, there is no structured carbon formation at all, 

indicated by the lack of a 2D peak, and the relative size of the D peak to that of the G peak. We 

believe that the Raman intensity in the spectrum is atypically high due to the laser picking up 

background data from the SiO2 substrate. 

We also ran nearly identical trials using the PCVD method but at lower temperatures. By 

doing this we aimed to find the difference in carbon yield for the different conditions. At 600°C, 

there was no evidence of carbon nucleation on the substrate, as shown by the data below (see fig. 

5). 
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Fig. 5 

 

We hypothesize that to get carbon deposits on either substrate, a temperature of at least 

700°C is required (due to lack of growth at 600°C and consistent growth at 800°C). However, no 

trials yielded graphene samples, but merely the amorphous carbon growth. 

System Malfunction 

 We originally planned to run tests using higher powers from our rf plasma power source. 

All preliminary testing was done with 100W of input power, and future tests would be run at 

200W and 300W, the maximum power output of our device. 

 However, our first attempt showed us that the system was not capable of handling over 

150W. As the power source was turned up from 100W towards 200W, both the MFC and oven 
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began to malfunction. The MFC had always experienced some slight feedback from the plasma 

power source during earlier experiments, but the magnitude of its fluctuations were deemed 

insignificant, and testing proceeded. However, at around the 145W mark, the MFC’s display 

showed that both the methane gas and hydrogen gas inputs were fluctuating rapidly between 0 

and 100% capacity, at about 2 cycles per second. The higher we set the input power, the more 

eccentric the MFC would behave. 

 In addition, at about the 155W mark, the oven’s display would show that the temperature 

was dropping rapidly. In all other experiments, the rate of temperature drop had been observed 

while the substrate was left to cool. In this instance, the oven seemed to be losing temperature at 

a rate faster than ever observed before. 

 The nature of either device’s malfunction merited the withholding of future testing until 

the system could be fixed, especially when both devices failed relatively simultaneously. Upon 

further examination, the devices appeared to still function at lower plasma source power inputs 

or without the plasma source at all. However, all attempts to increase the plasma power input 

beyond roughly the 150W mark instigated the MFC’s and oven’s behavior again. 

 We have been unable to fix the system as of yet. Disconnecting and reassembling the rf 

plasma source to the CVD system has been tried, as well as powering the plasma source from 

different locations in the room to spread out the draw of power by the system. However, no 

attempted method has succeeded in repairing the system, and as such no further testing as 

occurred. 
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Future Steps 

We hypothesize that two changes to the conditions will help to yield graphene growth. 

First, a higher input power for the rf plasma will ionize a higher percentage of the methane gas, 

and will aid in graphene’s nucleation on the Cu substrate. In conjunction, this higher power will 

atomize a larger percentage of the H2 gas. The hydrogen’s etching effect will stymie the growth 

of amorphous carbon and keep possible nucleation sites open for structured carbon growth.7 

Also, diversifying the substrates could prove successful. Copper has proven successful 

for growing few layer or single layer films of graphene, because the carbon atoms nucleate 

directly onto the metallic surface of the substrate. Nickel substrates behave differently when 

interacting with carbon, however. Nickel has proven to be highly successful as a growth method 

for graphene, because it effectively absorbs carbon atoms into the interstitials in its 

polycrystalline structure89. Only during the cooling process does the carbon come to the surface 

and form a crystalline structure. 

The flaw with Ni substrates is there tendency to absorb too much carbon, forcing the 

graphene to grow in multiple layers. Higher numbers of layers of graphene do not possess as 

extreme electrical properties as single layers, which is why our group chose Cu substrates. 

However, since our experimentation thus far has failed to instigate any carbon growth, nickel 

substrates may prove ideal. 
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