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Abstract 

Cold Wall Reactor for Ultra-High Vacuum High 

Temperature Chemical Vapor Deposition 
by  

Micah Shane Points, M.S.E.  

The University of Texas at Austin, 2013 

 SUPERVISOR: Emanuel Tutuc 

Chemical vapor deposition is a process that enables the deposition of thin films 

material with a high degree of thickness control, composition and film quality. In an 

ultra-high vacuum environment (UHV), films of high purity and controlled crystal 

structure can be achieved. The control of the crystal structure is achieved thanks to 

reduced contamination, e.g. oxygen, which allows the grown film to align itself with the 

underlying substrate. The film purity is also ensured by the reduced amount of 

contaminants present in the UHV environment. This master’s thesis discusses the design 

and construction of a cold wall reactor using a pyrolytic graphite heater encased in a thin 

layer of pyrolytic boron nitride, and an Oerlikon-Leybold Turbovac 361 turbomolecular 

pump. This heater is shown to achieve temperatures greater than 1200°C, as well as reach 

pressures in the 10-10 Torr range. Graphene growth on copper is discussed as well as the 

ultra-high vacuum annealing of graphene devices on boron nitride substrates. The 

graphene growth experiments coupled with this system’s annealing capabilities 

demonstrate the functionality and versatility of this type of chemical vapor deposition 

system. 
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Chapter 1: Introduction 
 Following the invention of the integrated circuit (IC) in 1958 [1], there has been a 

push for future ICs to be smaller, faster, and cheaper. For almost half a century, the major 

force behind the scaling of microelectronics has been Moore’s Law [2]. As the 

dimensions of devices get increasingly smaller, the materials that constituted the devices 

followed in this same direction. In modern technology, these films have thicknesses of 

several micrometers to nanometers. In order to achieve such degrees of thickness, 

processes are needed that allow for a high degree of control in film uniformity and 

composition. Currently there are numerous technologies that allow for the growth or 

deposition of thin films. These technologies can be divided into two broad categories of 

deposition: chemical and physical.  

 

1.1 Physical Deposition 

Physical deposition is the application of thermodynamic or mechanical means to 

deposit a film, and it is typically accomplished in a vacuum chamber. The deposit is 

taken from a bulk material and physical action is used to vaporize it.  Performing the 

procedure in a vacuum allows for the depositing material to have the large mean free path 

required to reach the substrate. Due to this line of sight deposition, the surface 

morphology of the deposited material in physical deposition could be quite rough if 

measures are not taken to alleviate these issues (e.g., sample rotation). The types of 

methods used to vaporize the material are what differentiate the various processes. 
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Thermal evaporation uses resistive heating to evaporate a material from the bulk, and this 

material is then deposited on the sample. One type of widely researched thermal 

evaporation is molecular beam epitaxy. Another technique for vaporizing a material is the 

physical bombardment of a material by another object that either heats up the material to 

the temperature of vaporization or simply breaks atom(s) off the target material. Electron 

beam evaporation uses a high-energy beam of electrons to heat a spot on a material for 

deposition. Sputtering is a low temperature process that uses gaseous plasma (i.e., argon) 

to “knock off” small amounts of a material from its source. This technique is especially 

useful to deposit materials that need extremely high temperatures to thermally evaporate.  

 

1.2 Chemical Deposition 

The other category of deposition is chemical deposition. Chemical deposition is the 

decomposition of a fluid — usually a gas — into its molecular or atomic components in 

order to achieve film deposition. The precursor fluid usually encompasses the substrate, 

and therefore the deposition occurs over the entire surface of the sample. This leads to a 

more uniform or conformal surface morphology and allows the deposition of material on 

complex surfaces. Some examples of chemical deposition include plating, which uses a 

liquid as a precursor, atomic layer deposition, which uses a gas precursor, and chemical 

vapor deposition. 
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1.3 Chemical Vapor Deposition 
	  

Chemical vapor deposition (CVD) has been increasingly used for a vast amount of 

applications since its beginnings in the 1880s, when it was used as a means to produce 

stronger filaments for incandescent lamps by coating them with carbon or metal [3]. The 

two primary applications for which CVD has been used extensively are semiconductor 

fabrication and the coating of various items (e.g. cutting tools).  Chemical vapor 

deposition can be defined as “a synthesis process in which the chemical constituents react 

in the vapor phase near or on a heated substrate to form a solid deposit” [3]. This 

definition is fairly broad, as indicated by the variety of types of CVD processes. 

One way to classify different CVD processes is by the system pressure during 

deposition. The three primary CVD processes classified by pressure include the 

following: 

• Atmospheric Chemical Vapor Deposition (APCVD) – Gas precursors flow 

to a heated substrate to react. No pump is necessary, and temperatures tend 

to be low. The deposition rate is primarily determined by the diffusion of the 

precursor [3]. 

• Low Pressure Chemical Vapor Deposition (LPCVD) – The lower pressure 

allows for better deposition uniformity, step coverage, and deposition purity. 

It requires higher temperatures for reactions and the deposition rates are 

lower. Deposition rate is primarily controlled by surface reaction [3]. 
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• Ultra-High Vacuum Chemical Vapor Deposition (UHVCVD) – Pressures are 

particularly small (< 10-5 Torr). It is believed that at extremely low pressures 

there will be higher purity and higher quality films [3].  The higher quality is 

believed to be a product of slower growth of films on a substrate that 

encourages large films to grow in the same orientation. 

Other CVD processes are classified by the constituent gasses used (i.e., metal-organic 

chemical vapor deposition (MOCVD)) or the time it takes to heat the substrate (i.e., rapid 

thermal CVD (RTCVD)).  

 

1.4 Thesis Organization 

Chemical vapor deposition is a well-known method for depositing and growing 

thin films. Throughout the past decade there has been a steep increase in interest in 

novel thin film materials for semiconductor devices, particularly with respect to 

graphene [4] and other two-dimensional films [5]. In order to grow these novel 

materials, a CVD system will need to not only achieve ultra-high vacuum conditions, but 

it will also need to be able to achieve high temperatures to accommodate these low 

pressures. This thesis describes a system that can accomplish both criteria. 

Chapter 2 provides an overview of the existing theory and technology of CVD 

systems present in the literature. First it discusses cold wall reactors and the advantages 

and disadvantages of this configuration. An examination of the various ways gas can 

flow within a system is presented. It also considers how to optimize the reactor 
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configuration. Hot wall reactors are considered next. The relevant differences between 

the two systems as well as similar topics found in the cold wall sections are discussed. 

 Chapter 3 provides a detailed explanation of the CVD system highlighted in this 

thesis. The chapter begins with a close examination of the heating system, focusing 

primarily on the Momentive Inc. pyrolytic boron nitride heater. The characteristics of the 

two major components of the heater – pyrolytic boron nitride and pyrolytic graphite –

demonstrate why this heater is uniquely qualified for the purpose of this system. Chapter 

3 also includes an examination of the two methods of temperature measurement: 

pyrometer and thermocouple. Experimental data are used to analyze the heater 

performance with respect to heating substrates and power efficiency. Following this is a 

study of the vacuum system, with a focus on the turbomolecular pump. This chapter 

concludes with an in-depth analysis of the evacuation times of the main chamber and a 

brief look at pressure measurement. 

 Graphene synthesis is the emphasis of Chapter 4. The chapter begins with a 

review of the literature on two methods of graphene production relevant to the system 

described herein.  Experimental results of graphene synthesis are presented along with 

results from the UHV annealing of graphene/boron nitride samples. 

Finally, chapter 5 discusses aspects of the system for future considerations. 
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Chapter 2: Reactors 
There are two key reactor types for high temperature chemical vapor deposition 

(HTCVD). In this chapter, I discuss cold wall reactors and then follow with a discussion 

of hot wall reactors. Both variations rely on a continuous flow of the relevant precursor 

and carrier gasses. They can also be modified to conduct processes on a single wafer or 

on multiple wafers simultaneously. This allows for the systems and growth recipes to be 

tailored for industrial use. This chapter describes the specifics of each system and then 

discusses the advantages and disadvantages of each. 

 

2.1 Cold Wall Reactors 
 

A cold wall reactor is a system where the substrate is at a higher temperature than 

the rest of the chamber during the growth process. Figure 1 shows an example of a 

specific cold wall system used in the growth of epitaxial silicon carbide [6]. Figure 1a is 

an example of a single wafer system, while Figure 1b is a multi-wafer system. The 

rationale for keeping the sample at a higher temperature than the rest of the system is so 

that the deposition of material occurs on the surface of the substrate, as opposed to the 

entire chamber, i.e., walls, holders, or other surfaces. For the most part this is successful, 

although over time deposition does collect on the “cold” surfaces. Due to the lower 

temperature and slower growth on these cooler surfaces, the material that develops tends 

to be of lower quality and can detach from the surfaces. This material then can become 

particulates in the chamber and can create surface contamination if it falls onto the wafer. 
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This contamination can lead to defects in the thin film growth. With this in mind, general 

housekeeping of the interior of the chamber is a fundamental necessity.  

	  

Figure 1: Sketch of the two epi-reactor concepts described in this paper: a) single wafer system (SWS); b) multi wafer 
system (MWS). Reproduced from Ref.[6]. 

Cold wall systems are designed to be aligned either horizontally or vertically. 

Other than the apparent geometrical dissimilarities, the chief variation of the structures is 

how the gasses flow over the substrate. In the horizontal configuration (cf. Figure 2), a 

boundary layer will form above the susceptor. Figure 3 shows an example of the 

formation and shape of the boundary layer [7]. As the figure shows, the front of the 

susceptor has a thinner boundary layer as compared to the center. Since this boundary 

layer impedes the diffusion of the reactant gasses to the substrate surface,	  the deposition 

rate of grown material will be greater on the front of the substrate [8]. This will lead to 

non-uniformity of thickness across the substrate. One way to minimize this thickness 

deviation is to build what is known as a vertically-aligned reactor or chimney reactor. In 

this type of reactor, the gas flows down through the chamber over the substrate and is 

pumped out through the bottom. Figure 1 shows how the gasses would flow through the 
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chamber and over the substrate. This configuration could create non-uniformities on the 

wafer surface due to axial symmetry.  

 

Figure 2: Tube Reactor, parallel flow. Reproduced from Ref. [3]. 

	  

	  

 

Figure 3: Development of boundary layer in a horizontal reactor. Reproduced from Ref. [2]. 
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Another consideration for cold wall reactors is the heating mechanism. One way 

to raise the temperature of the susceptor is to manufacture the susceptor out of an 

electrically conducting material, such as graphite, and apply an electric current to it. 

Resistive heating will quickly raise the temperature. Another heating method would be to 

coil a metal conductor around the outside of the reactor chamber and inductively heat a 

susceptor that holds the wafer by passing an AC current through the coils. A third way to 

heat the substrate is to use thermal radiation. There are a number of ways to accomplish 

this and the most prevalent is to use high intensity light bulbs. Another method is to use 

resistive heating to increase the temperature of an insulator to the temperature where it 

emits infrared radiation. Boron nitride heaters are an excellent example of this method. In 

order to raise the temperature efficiently, the susceptor will need to be made from a 

material that absorbs thermal radiation.  Another consideration for these methods is 

whether the heating element is located inside the reactor. This scenario could create a 

dangerous situation depending on the reactant gasses, in particular the use of hydrogen or 

other volatile gasses at high pressure. 

A critical liability of these methods is that they only heat the susceptor of the 

substrate. This can create large temperature gradients between the side of the substrate in 

contact with the heat source and its opposite side, which is not in contact with the 

substrate. These temperature variations could create thermal stresses in the substrate due 

to thermal expansion at different rates in different areas of the substrate. It has been 

shown that some materials can experience a high amount of curvature when this occurs 

[9]. This can create difficulties in acquiring uniform growth on the substrate due to a 
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disruption in the flow of gasses over the wafer. Another drawback that can occur due to 

the temperature gradient of the wafer is that variances in the molar distribution of gasses 

above the sample can be much different than expected or desired [4]. It has been shown 

that in cold wall reactors, the mole fraction of reactant gasses can change dramatically at 

a distance of 0.1 mm above the sample due to temperature gradients in the substrate. This 

in time can lead to “homogeneity variations of thickness and doping” [10]. In order to 

help ensure uniformity of thickness and doping, a method of heating the substrate 

uniformly is needed. One method of accomplishing this is to use radiative heating on top 

of the substrate in combination with resistive heating on the bottom. Radiative heating 

above and below the substrate would also achieve the uniformity desired. The need to 

decrease the temperature gradients inside the substrate leads to the other reactor 

configuration, the hot wall reactor. 

 

2.2 Hot Wall Reactors 

Temperature uniformity within a substrate is often a critical characteristic in thin 

film growth processes. This is extremely difficult to accomplish in a traditional cold wall 

reactor for the reasons discussed in the previous section. One way to eliminate a 

temperature gradient within the substrate is to build the reactor where the interior of the 

chamber is at the process temperature; this is called a “hot wall” reactor.  

The “hot wall” reactor configuration has a few advantages over its cold wall 

counterpart. The primary advantage to this kind of set up is that the interior of the reactor 
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increases in temperature uniformly and therefore the substrate will also increase in 

temperature uniformly. This will alleviate the issues that come from temperature 

gradients inside the wafer that occur in cold wall systems. Another advantage of uniform 

temperature is a higher cracking efficiency of the precursor gasses [11]. This is due to the 

reactant gasses being more efficiently heated in a hot wall system.  

One disadvantage of the hot wall concept is that since all surfaces inside the “hot 

zone” are approximately the same temperature, there will be material growth on all of the 

surfaces that are at high temperatures. This can cause an increase in the consumption of 

precursor gasses and create an environment for surface contamination from falling debris. 

This deposition on the interior walls should not be considered the same as the deposition 

found in the cold wall reactor. The temperature of the non-growth surfaces in the hot wall	  

configuration is significantly higher than the surfaces in the cold wall. This fact leads to a 

higher crystallinity of the surface deposition in the hot wall, which can allow it to adhere 

more strongly to the interior surface than the more amorphous material that is grown in a 

cold wall reactor. 
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Figure 4: Schematic of CVD reactor growth zone including graphite foam insulation, susceptor, 

SiC polycrystalline plate, and SiC substrate. Reproduced from Ref. [12]. 

	  

There are several ways to acquire uniform temperature in a hot wall system. An 

example of one configuration is shown above in Figure 4 [12]. In this configuration the 

reactor is encased in a coil of copper; when an alternating electrical current (AC) is 

passed through it, the graphite susceptor is heated inductively. This is very similar to a 

cold wall configuration, except that instead of the susceptor being located under the 

substrate, the substrate is encased in the susceptor. Figure 4 shows the horizontal or tube 

geometry, but this example of heating can also be found in the vertical or chimney 

version [11], as displayed below in Figure 5. 
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Figure 5: Schematic drawing of the chimney reactor used for HTCVD. Reproduced from Ref. [11]. 

	  

In general the components of each configuration of hot wall reactor are very 

similar to each other. Besides having the same heating mechanism, they each include 

foam or insulation composed of graphite. This enables the temperature in the “hot zone” 

to stay relatively constant by keeping the thermal radiation constrained. The susceptor, 

which is also comprised of graphite, is in turn heated to the process temperature by 

induction. As opposed to the cold wall version of the graphite susceptor, the susceptor for 

the hot wall reactor can comprise two pieces, top and bottom, or a one-piece cylinder that 

completely surrounds the substrate. In her paper [12], R.L. Myers describes the former in 

a tube reactor and explains that the top portion of the susceptor can be angled in order to 
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“reduce the depletion of reactants in the growth zone,” which allows “for a more uniform 

epitaxial deposition” [12]. This occurs because the tapered geometry accelerates the flow 

of gasses across the substrate which makes the diffusion process more efficient by 

reducing the effect of the boundary layer [10]. The bottom is kept flat so rotation of the 

wafer would be possible in the future. It has also been observed that if the bottom 

susceptor is recessed and the substrate placed in this recess, the uniformity of the growth 

thickness would be better. This is due to less disturbance of the flow of gasses across the 

substrate and smaller thermal losses at the edges of the substrate [10]. Another way to 

alleviate some of the flow issues is to increase the flow rate of the precursor gasses, but 

this will also lead to inefficient gas use and limits the process pressures. The vertical gas 

flow of the chimney reactor combined with the natural tendency of hot gasses to rise due 

to free convection allows for a larger range of pressures and gas flow rates as a result of 

its decreasing the thickness of the boundary layer [11][13]. 

One major drawback of the hot wall configuration is homogeneous gas phase 

nucleation, or growth of particulates within the gas phase of the process. The primary 

cause of this is the increased precursor flow rates due to the need to increase growth rates 

of thin and thick films [14]. The growth of undesired particulates can cause depletion of 

the precursor gasses used in film growth. These particulates can also adhere to the 

substrate surface, creating numerous defects within the grown film. A simple solution to 

this problem would be to increase the carrier gas flow so that the formation of condensed 

phase is negligible due to a decrease in precursor concentration [15].  Another solution to 
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this problem would be to increase the length of one of the gas inlets so that one of the 

precursor gasses is introduced farther into the chamber than the other precursor gas [14]. 
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Chapter 3: The High Temperature Chemical Vapor 

Deposition System 

 

The ultra-high vacuum high temperature chemical vapor deposition system 

designed and built by the author for the purpose of this master’s study and thesis is shown 

in Figure 6 and 7. It is a cold wall reactor system that has achieved a maximum 

temperature of approximately 1300°C and a base pressure of 5 x 10-10 Torr. The primary 

chamber has an approximate volume of 30 liters and takes approximately 14 hours to 

pump down to ultra-high vacuum conditions from atmosphere. This system can perform 

growth and annealing process on 2-inch wafers using a molybdenum sample holder. The 

sample holder has the capability to rotate 360° for the future purpose of surface 

characterization techniques such as reflection high-energy electron diffraction, known as 

RHEED. Connected to the system is a Stanford Research Systems 100 amu residual gas 

analyzer (RGA). The main chamber is also connected to access to five different gasses. 

There are two precursor gasses: methane and silane (10% in helium). The mass flow 

controllers (MFC) for these precursor gasses have a maximum flow rate of 200 sccm. 

Hydrogen and argon are also connected as annealing and carrier gasses. These two MFCs 

have a maximum flow rate of 2000 sccm. The final gas connected to the system is 

helium. There is not a mass flow controller connected to this cylinder, and it is used as a 

purge and leak checking gas. 
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Figure 6: Schematic of UHV HTCVD (Front) 

	  

Figure 7: Schematic of UHV HTCVD (Back) 
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All chemical vapor deposition systems have two critical subsystems that define 

them. One of these subsystems is heating. A heating source is needed in order to break a 

precursor gas into its constituent molecules or atoms. For example, in order to grow 

graphene one would need to break up a specific hydrocarbon molecule (i.e., methane). 

The other subsystem is a vacuum system. Higher vacuum is extremely beneficial for thin 

film growth due to the large mean free path of the atoms that helps ensure efficient 

evolution. This chapter will describe the critical elements of each of these subsystems. 

 

3.1 The Heating System  

The main components of the heating system are the power supply and the heater. 

The power supply is a 5kW 2U Genesys Programmable AC-DC Power Supply from 

TDK-Lambda.  This power supply has a voltage range of 0-300V and a current range of 

0-17A. The power supply can be controlled locally or remotely. For the purposes of this 

system, the power supply is controlled remotely by a National Instruments (NI) LabView 

program. This program currently consists of two user interfaces. The initial interface is a 

simple current setting mode. The user inputs the appropriate amount of current, and the 

power supply provides it to the heater. The second user interface allows for the user to 

designate a simple recipe. The user inputs times for the different parts of a process: ramp 

up, ramp down, and a process time. This interface design is quite useful for simple 

processes such as annealing. In both user interfaces the power supply is set in a 

“constant” current mode, meaning that the power supplied by the unit is set by the heater 

resistivity and the current specified. This means that the voltage can, and will, fluctuate 
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as the heater temperature increases. This will be explained in more depth later in this 

section.  

 

	  

                                Figure 8: pBN/pG 3 inch cup heater 

	  

3.1.1 Pyrolytic Graphite 

  The heating element displayed above in Figure 8 is a pyrolytic boron nitride 

(pBN) insulated cup heater manufactured by Momentive Inc. The heating element is 

made from pyrolytic graphite. One particular characteristic that makes pyrolytic graphite 

ideal for use as a heating element is that, at temperatures of less than 1500°C, pyrolytic 

graphite’s resistance decreases as temperature increases [16]. Figure 9 shows a graph of 

experimental data that demonstrates the resistance decreasing as the temperature of the 

heater increases for measured temperatures of less than 1300°C. This is particularly 

relevant to the application of heating, because as temperature increases, the voltage 

pG	   pBN	  

3”	  

3”	  
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decreases for as long as the current remains constant. This also allows voltage to be 

applied more quickly than if the heating electrodes were made from a refractory metal, 

which typically sees resistivity rises as temperature rises. This characteristic, however, is 

limited to temperatures below 1500°C; there is only a slight increase in resistivity above 

this threshold however, and it levels out at approximately 1800°C [11].  

	  

Figure 9: Experimentally measured pyrolytic graphite resistance as a function of the heater temperature (T < 1300°C) 
as measured by a Type C thermocouple. 

 

3.1.2 Pyrolytic Boron Nitride 

The physical properties of the pyrolytic boron nitride outer coating also provide 

characteristics that enable the heater to heat objects efficiently.  One such characteristic is 

that it is a refractory material; another characteristic is its chemical stability.  A relevant 

trait to its application as an insulating medium is its high chemical disassociation 
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temperature, which corresponds to a high desorption temperature. Boron nitride does not 

sublime at high temperatures, but rather the nitrogen disassociates from the boron. Figure 

10 below shows the disassociation information of boron nitride. In particular it shows the 

pressure of molecular nitrogen over a boron nitride sample [17]. The highest temperature 

measured for this particular system’s heater is approximately 1200°C, which would 

correspond to a pressure of 2.28 × 10-5 Torr of molecular nitrogen. Pyrolytic boron 

nitride also has decent thermal conductivity, 63 !
!  ×  °!

, which is slightly higher than 

gallium arsenide [17]. Pyrolytic boron nitride is also chemically non-reactive to most 

gasses at high temperatures. 
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    Figure 10: Nitrogen pressure over boron nitride. Reproduced from Ref.[17].	  

 

3.1.3 Temperature Measurement 

This system has two temperature measuring mechanisms that can work in parallel 

with each other.  The primary temperature measuring device for the heater is a pair of 

thermocouples from Omega Engineering Inc. that are in physical contact with the 

backside of the pBN cup heater.  One of the thermocouples is located in the center of the 

heater, while the other is in contact with the outer edge of the heater. The approximate 

locations of where the thermocouples come in contact with the heater can be seen below 

in Figure 11. The Type C thermocouples (tungsten-rhenium) have a maximum 
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temperature of 2320°C. The thermocouples are attached to a molybdenum foil insulating 

shield located inside the cup heater. The insulating shield is used to help reflect thermal 

energy away from the center of the heater. Using this type of thermocouple does have 

restrictions; in particular, it should not be used with oxygen, due to a burning effect that 

can occur with tungsten. Furthermore, the filament will become embrittled as its 

temperature is increased and decreased, creating the need to keep the temperature as 

constant as possible. The thermocouples are electrically connected to a National 

Instruments NI 9211 4-Channel Thermocouple Input Module, which allows the data to be 

translated to a LabView program in order to visually interpret the heater temperature.  

	  	   	  

 

                Figure 11: Heater Face with approximate thermocouple locations (red circles) 

	  

The second method of measuring temperature is using a two-color pyrometer. The 

pyrometer used in this system is the Raytek MR1SB. This pyrometer has a temperature 
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range from 700°C to 1800°C. It can function in either one-color mode or two-color mode. 

The one-color mode is useful during annealing processes, while the two-color mode is 

useful during growth processes where the substrate surface is changing elementally. The 

pyrometer is located on the lower exterior of the reactor.  While there is no direct line of 

sight to the substrate surface, a mirror was created by depositing a thick film of platinum 

on a 4-inch silicon wafer. This mirror is attached to a stand that is located at the bottom 

of the reactor. This stand is adjusted in a way that allows the infrared radiation to be 

reflected through a 2¾-inch glass window to the pyrometer. The pyrometer has a 

targeting reticle that allows the pyrometer to be aimed at the substrate or the heater 

surface.  

The pyrometer one-color mode is based on the principle that the temperature of an 

object can be determined by measuring the irradiance or radiative flux. The radiative flux 

(𝑗) can be defined as the power per unit area radiated by an object. Irradiance is related to 

temperature by the following equation: 

                                            𝑗 = 𝜀  ×  𝜎  ×  𝑇!                                      (3.1)  

In equation 3.1, 𝜀 is the emissivity of the object being measured, 𝜎 is the Stefan-

Boltzmann constant, and 𝑇 is the temperature of the object. Emissivity is material and 

wavelength dependent, it is a ratio comparing the amount of energy radiated from the 

surface of a material to the energy that would radiate from a blackbody at identical 

temperatures. Since a perfect blackbody would have an emissivity of 1, all materials will 

have an emissivity of less than 1. Emissivity is a dimensionless number. The graph in 

Figure 12 below represents the typical spectral properties of pBN; accordingly, the 
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emissivity of pBN at 750nm is approximately 0.46. This is relevant because the Raytek 

MR1SB spectral response is from 750nm to 1.1 µm.  

	  

Figure 12: Emissivity vs. Wavelength for Pyrolytic Boron Nitride. Reproduced from Ref.[18]. 

 

The two-color mode of operation allows the temperature to be measured for 

samples that are obscured by a gas atmosphere or when the material on the surface of the 

sample being measured is changing in composition. The latter characteristic is the most 

relevant to this application [19]. The two-color mode of operation uses a ratio of Plank’s 

distribution function times the emissivity for the radiance of the material 

                    𝐿! 𝑇 = 𝜀!"#$%&"'   ×
!×!×!!

!!
  × !

!
!×!

!×!!×!
!!

             (3.2) 

 
The simplified method would assume that the emissivity is constant for the specific 

material regardless of the material’s temperature. This would theoretically eliminate 
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emissivity from consideration and the ratio of the radiances would be only a function of 

the temperature. This is not realistic because the emissivities of all materials are functions 

of temperature (non-blackbodies) and wavelength (non-greybodies). Therefore small 

errors will be introduced and the user would need to ensure reproducible results by 

annotating the temperature of the pyrometer in order to overcome these errors. 

 

3.1.4 Cooling 

There are two locations that require a cooling system in this system. The first and 

most critical is the cooling of the interior of the cup heater. To ensure that the cup heater 

efficiently radiates heat to the sample, a cooling mechanism or water pot was installed in 

the stainless steel holder for the cup heater. This mechanism has a continuous flow of a 

mixture of 50% ethylene glycol and 50% deionized water. A chiller that is separate from 

the system provides this mixture to the system at a constant 15°C.  

 The second cooling system is for the main chamber.  A cooling system consisting 

of copper tubing and deionized water flowing from the building wraps around the main 

chamber area. There are two reasons this is beneficial. The first reason is to ensure the 

safety of users. The interior of the chamber can achieve extremely high temperature and 

this could pose a burn hazard on the exterior of the chamber. Another reason for keeping 

the chamber wall cool is to minimize any possible deposition of material on the wall. 

This is beneficial to keeping the chamber walls clean and helps achieve ultra-high 

vacuum conditions. 
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3.1.5 Heater Analysis 

	  

             Figure 13: Relationship of heater to sample holder and water pot 

	  

The primary means of heating a sample substrate in this system is through thermal 

radiation. The substrate should never come in direct contact with the heater face. The 

central reason for this is that in order to achieve growth on the substrate, the precursor 

gas needs to have an unimpeded path between the heater and the wafer. An important 

figure of merit is heat flux, which is defined as the amount of heat energy transferred 

through a surface. In order to calculate the heat flux of the heater, one must take into 

consideration the relationship of the heater to its surroundings. Figure 13 above is a 

simple diagram showing the ways that thermal radiation interacts with a graphite sample 

holder, molybdenum foil shielding, and a stainless steel water pot. The arrows represent 

Path	  of	  thermal	  energy	  
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the idealized path of thermal energy being transferred between the heater and the other 

parts of the system. An understanding of how heat transfers between surfaces, in 

particular planar surfaces, is important for utilizing the system efficiently. 

 For this application, there are three surfaces to consider: (1) the pyrolytic boron 

nitride heater, (2) the graphite sample holder, and (3) the molybdenum foil shielding. One 

can assume that the surfaces are thick enough that all radiation is either absorbed or 

reflected, or rather there is no radiation transmitted through the surfaces.  Therefore, the 

relation between absorbance and reflectance can be defined as 

                           𝛼 + 𝜌 = 1.                                                 (3.3) 

Here α is the absorbance of the surface and ρ is the reflectance of the surface. Using the 

graphite holder and the heater as an example, the heater emits a photon with energy  𝐸!. 

This photon is absorbed (𝐸!𝛼!) and reflected (𝐸!𝜌!) by the graphite holder. This 

reflected portion is absorbed (𝐸!𝛼!𝜌!) and reflected  (𝐸!𝜌!𝛼!) and so on. The 

summation of all the energy absorbed by the pyrolytic boron nitride heater (EH) can be 

calculated as [20] 

                                 !! !!!! !!
(!!!)

                              (3.4) 

where 

𝛽 = (1 − 𝛼!)(1 − 𝛼!)             
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Following the same logic for the graphite holder, the energy absorbed by the graphite 

holder (EG) is 

                                !! !!!! !!
(!!!)

.                               (3.5) 

The total energy absorbed by the boron nitride heater from the graphite sample holder is 

𝐸! −
!! !!!! !!

!!!
= !!  !!  

!!!
. 

The total heat exchanged or the heat flux from the boron nitride heater to the graphite 

sample is then 

                𝑞!→! = 𝐸! −
!! !!!! !!

!!!
− !!  !!  

!!!
= (!!!!!!!!!)

!!!!!!!!!!
.   (3.6) 

If the temperature of the two surfaces are equal to each other (TH = TG) than the net heat 

flux from the heater to the sample holder is zero (JH->G = 0). Therefore, using zero in 

Equation 3.6 and equating to Equation 3.1 one would get 

                                !!
!!
= !!

!!
=   𝜎𝑇!.                      (3.7) 

 

In the case of grey-bodies, one can use Kirchhoff’s Law that emissivity (ϵ) of a surface is 

equal to the absorptivity (α). Knowing this and using Equation 3.7, Equation 3.6 can be 

rearranged to be  
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                  𝑞!→! =
(𝜎𝑇𝐻

4 !!!𝜎𝑇𝐺
4!!)

!!!!!!!!!!
= 𝜎×(𝑇𝐻

4−𝑇𝐺
4)

( !!!
! !
!!
!!)

                 (3.8)  

The same analysis can be recycled to derive the net heat flux from the graphite heater to 

the molybdenum foil shielding and the shielding to the stainless steel water pot to 

develop 

                                        𝑞!→! = 𝜎×(𝑇𝐻
4−𝑇𝑀

4 )
( !!!

! !
!!

!!)
                      (3.9) 

                                        𝑞!→!! =
𝜎×(𝑇𝑀

4 −𝑇𝑆𝑆
4 )

( !!!
! !
!!!

!!)
                   (3.10)  

The addition of the molybdenum foil shielding between the stainless steel water pot and 

the boron nitride heater was done in order to increase the temperature of the heater 

relative to the heat flux emitted from it. This can be shown mathematically to occur by 

comparing the net heat flux for the two scenarios: (1) the molybdenum foil exists, and (2) 

the molybdenum foil does not exist. In the first scenario, one would only need to assume 

thermal equilibrium exists between Equations 3.9 and 3.10 and set them equal to each 

other. This will allow for the calculation for the temperature of the molybdenum foil 

(Equation 3.11).  

                                          𝑇! = !
!!!

𝑇!! +
!

!!!
𝑇!!!

!
                                (3.11) 

where 

         Α = ( 1𝜖𝐻+
1
𝜖𝑀
− 1)  
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     Β = ( 1𝜖𝑀+
1
𝜖𝑆𝑆
− 1) . 

The terms are defined in Table 1. 

 

Table 1:  Symbols and definitions for Equations 3.9-3.11 

TH, ϵH Temperature and emissivity (0.48) 

of the BN heater 

TM, ϵM Temperature and emissivity (0.18) 

of the molybdenum foil 

TSS, ϵSS Temperature and emissivity (0.075) 

of the stainless steel water pot 

 

Once the temperature of the foil is known, one is then able to insert it into 

Equations 3.9 and 3.10 to calculate the net heat flux for the heater to foil and from foil to 

water pot. 

In the second scenario, one would only need to calculate the net heat flux between 

the boron nitride heater and the stainless steel water pot. This is relatively trivial since the 

temperatures of both are known. The water pot is kept at a constant 15°C by a water 

chiller. The formula is 

                                        𝑞!→!! =
𝜎×(𝑇𝐻

4−𝑇𝑆𝑆
4 )

( !!!
! !
!!!

!!)
 .                  (3.12) 
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The emissivities of the materials discussed with respect to this system are all known with 

ϵH = 0.46, ϵG = 0.18, and ϵSS = 0.075. Again, σ is the Stefan-Boltzmann constant. Figure 

14 below compares the net heat flux with and without the heat shielding. The graph 

shows that the net heat flux would decrease for the same heater temperatures. This would 

allow the temperature of the heater to be higher for the same heat flux or power density. 

 

Figure 14: Calculated radiated heat fluxes with and without molybdenum shielding at measured heater temperatures. 

	  

The primary sample holder for the system is a molybdenum holder that has an 

opening that is capable of handling 2-inch wafers. If this is the sample being processed, 

then the infrared pyrometer has line of sight to the sample. In order to run tests, a 2-inch 

graphite sample holder was machined by the author with an opening capable of holding 

1cm2 samples, but does not have line of sight to the infrared pyrometer. In this case, the 

temperature of the graphite sample holder is considered the temperature of the sample 
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being processed and is measured with the pyrometer. As discussed previously, the 

pyrometer only displays temperatures over 700°C. For temperatures less than 700°C, 

there is no absolute temperature measuring device available and an approximation is used 

instead. To get this approximation, a similar analysis was used as in the molybdenum foil 

example (see Equations 3.9-3.10). The equations for the net heat flux are now   

                                        𝑞!→! =
𝜎×(𝑇𝐻

4−𝑇𝐺
4)

( !!!
! !
!!
!!)

                      (3.13) 

                                        𝑞!→! = 𝜎×(𝑇𝐺
4−𝑇𝑊

4 )
( !!!

! !
!!

!!)
 .                   (3.14) 

The equation for the temperature is now 

                                          𝑇! =
!

!!!
𝑇!! +

!
!!!

𝑇!!
!

                                 (3.15) 

where 

         C = ( 1𝜖𝐻+
1
𝜖𝐺
− 1)  

     D = ( 1𝜖𝐺+
1
𝜖𝑊
− 1) . 

The terms are defined in Table 2. 
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Table 2:  Symbols and definitions for Equations 3.13-3.15 

TH, ϵH Temperature and emissivity 

(0.48) of the BN heater 

TG, ϵG Temperature and emissivity 

(0.98) of the graphite holder 

TW, ϵW Temperature and emissivity 

(0.85) of the stainless steel wall 

. 

 

An assumption of thermal equilibrium in the system was assumed so that the heat 

flux transferred from the boron nitride heater to the graphite sample holder was the same 

as the heat flux transferred from the graphite sample holder to the stainless steel chamber 

wall. Figure 15 below shows the comparison of the heater and the holder temperature for 

the calculated temperatures and the experimentally acquired temperatures using the 

pyrometer. The pyrometer is only available to use when the temperatures are greater than 

700°C. In this comparison, it can be seen that the approximation is lower than the 

measured temperatures. The measured temperature is observed to be between 73°C-78°C 

higher than the calculated temperature. 
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Figure 15: Experimental and calculated graphite holder temperatures. Calculated graphite holder temperature is a 
function of heater temperature measured with a Type C thermocouple. Experimental temperatures measured with 

Raytek MR1SB pyrometer. 

	  

 A thorough understanding of the boron nitride heater would not be complete 

without an understanding of the power efficiency of the heater. Power efficiency is 

defined in the context of this thesis as the ratio of the total radiated power emitted and the 

electrical power consumed. In order to calculate the total radiated power, the total net 

heat flux is multiplied by the area of the heater face. The total net heat flux is the 

summation of the net heat flux from the heater to the molybdenum foil (Equation 3.16) 

and the net heat flux from the heater to the graphite holder (Equation 3.17). The net heat 

fluxes are a function of the heater temperature and can be shown as 
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         𝑞!→! =
𝜎×(𝑇𝐻

4−( Β
Α+Β

𝑇𝐻
4+

A
Α+Β

𝑇𝑆𝑆
4 )4)

( !!!
! !
!!

!!)  
                  (3.16) 

where 

         Α = ( 1𝜖𝐻+
1
𝜖𝑀
− 1)  

     Β = ( 1𝜖𝑀+
1
𝜖𝑆𝑆
− 1)  

and 

                           𝑞!→! =
𝜎×(𝑇𝐻

4−( D
C+D

𝑇𝐻
4+

C
C+D

𝑇𝑊
4 )4)

( !!!
! !
!!
!!)

                  (3.17) 

where 

         C = ( 1𝜖𝐻+
1
𝜖𝐺
− 1)  

     D = ( 1𝜖𝐺+
1
𝜖𝑊
− 1) . 

All of the terms are defined in either Table 1 or Table 2.  The area of the heater face is 

𝐴 = 𝜋𝑟! 

with the radius of the heater 1.5 in. or 0.0381 m. Figure 16 below shows both the 

experimentally measured heater temperature and the calculated total radiated power and 

their relation to the measured input power. The figure shows that the total radiated power 

is approximately half of the input power at a heater temperature of about 1270°C. At low 

power (< 325W), there is negligible radiated power. Testing the system at higher 

temperatures will be needed to confirm this trend. 
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Figure 16: Input Power vs. calculated total radiated power and measured temperature (Type C thermocouple) of the 
pBN heater. The dashed line represents the ideal ratio of radiated power to input power. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   

3.2 Vacuum System 

The second critical subsystem of the HTCVD is the vacuum system. It is critical 

in thin film chemical vapor deposition and process annealing to have extremely low 

pressures in order to reduce the chance of contamination of the experimental sample. 

Contamination of the sample could lead to unintentional doping of the thin films, defects 

on the surface, and errors in the elemental makeup of the film. High vacuum also leads to 

high mean free paths for the precursor components and benefits the efficiency of growth. 
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The goal of this vacuum system was to achieve ultra-high vacuum (UHV) regime, which 

is typically defined as pressures of approximately 10-9 Torr and lower. This system as 

configured repeatedly achieves base pressures of approximately 5 X 10-10 Torr. 

 

3.2.1 Turbomolecular and Dry Pump 

In order to achieve UHV, a turbomolecular pump is desirable. A turbomolecular 

pump relies on the principle that molecules acquire a velocity when they collide with a 

solid surface in motion. Turbomolecular pumps consist of multiple stages of rotating and 

stationary metal plates that push gas molecules in a preferential direction – i.e., out of the 

chamber. The pumping speed of a turbomolecular pump is constant when the pressure is 

below a specific threshold, which is usually in the milliTorr range. When the pressure is 

above this threshold pressure, the speed is dependent on the backing pump. One 

important consideration of turbomolecular pumps is that they rely on the molecular 

weight of the gas in the chamber. The heavier the molecule, the higher the velocity it can 

acquire. Conversely, lighter molecules, such as hydrogen, acquire relatively less velocity 

and therefore can be more difficult to evacuate. This leads to a limit on the maximum 

vacuum levels that can be achieved [2].  
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Figure 17: Oerlikon-Leybold Turbovac 361 

                  

 

This system utilizes the Oerlikon-Leybold Turbovac 361 turbomolecular pump 

(Figure 17) with a 160 ConFlat (CF) or 8” connection on the high vacuum side. The rated 

pumping speed is 370 L/s for hydrogen (H2) and its rated ultimate pressure is 7.50 x 10-10 

Torr. The turbomolecular pump employs a copper gasket as a seal to the main chamber. 

The use of an oxygen-free high conductivity	   copper gasket between the pump and the 

chamber is essential in achieving ultra-high vacuum conditions. In order to use a 

turbomolecular pump, the design requires the use of a backing pump. The Edwards iQDP 

40 dry pump accomplishes this task for this system. The iQDP 40 has a maximum speed 

of 15.3 L/s with an ultimate pressure of 23 mTorr. The iQDP 40 pump is also used as the 

primary vacuum pump for the load lock and the main chamber for selected growth 

processes where pressures in the high milliTorr range or higher is required. The 
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turbomolecular pump can also be used for certain growth process when the user wants 

pressures in the low milliTorr range or lower. Processes through the turbomolecular 

pump should be done with caution, in order to keep from overloading the pump. The 

installation of a flow control device, such as a throttle or butterfly valve, in series with the 

pump would help alleviate the issue. Figure 18 below shows a graphic of the iQDP 40. 

An important aspect of the iQDP 40 is that it is a dry pump. This means that the pump 

does not need any kind of lubrication or sealing fluids in order to operate, which 

alleviates the issue of backflow of contaminants into the main chamber. 

	  

Figure 18: Edwards’s iQDP 40 Dry Pump 

	  

	   An important measure of the proper size of a turbomolecular pump is the length 

of time required for the pump to achieve the pressure required to achieve ultra-high 

vacuum. There are two key equations to calculate the time to evacuate the chamber to 

ultra-high vacuum or approximately 1 x 10-9 Torr. The formulas are as follows [21]: 
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𝑡!" =
!
!
× ln !!

!!
   (Transient)                           (3.18)  

   𝑃! =
!!
!

   (Steady State)                                       (3.19) 

 

Where 𝑡!" is the transient pump down time, 𝑃!  is the steady state pressure, V is the 

volume of the chamber, S is the pumping speed, pi is the initial pressure, pf is the final 

pressure, and QG is the total gas load.  Equation 3.18 represents the time for evacuation as 

the pressure moves from the viscous regime to the molecular regime. This formula is 

controlled primarily by the speed and volume of the pump. Equation 3.19 represents the 

change in pressure as the system nears steady state pressure. Under steady state 

conditions, pressure changes would occur primarily from the introduction of gasses from 

unintentional sources, such as leakage from outside the chamber, desorption from the 

chamber walls, or permeation.  For this system, there will be an assumption that there are 

no leaks and that the stainless steel walls are impermeable. Therefore, the only 

unintentional gas source in the system will be desorption of water vapor from the walls, 

so for the remainder of this section QG will be called Qdes or the gas load due to 

desorption or outgassing. 

 Equation 3.18 will be the relevant equation for the calculation of the time of 

evacuation from atmosphere to the minimum pressure of the dry pump (23 mTorr). 

Therefore, the time to pump down the chamber will be: 

𝑡! =
𝑉
𝑆 × ln

𝑝!
𝑝!
=

32  𝑙𝑖𝑡𝑒𝑟𝑠

15.3   𝑙𝑖𝑡𝑒𝑟𝑠𝑠𝑒𝑐𝑜𝑛𝑑
× ln

760  𝑡𝑜𝑟𝑟
23  𝑚𝑡𝑜𝑟𝑟 = 21.8  𝑠𝑒𝑐𝑜𝑛𝑑𝑠 
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The maximum inlet pressure of the turbomolecular pump is 37.5 mTorr. Therefore once 

the minimum of the dry pump is achieved the turbomolecular pump can be used. 

Continuing to use Equation 3.18, the time to achieve UHV conditions will be:  

 

𝑡! =
𝑉
𝑆 × ln

𝑝!
𝑝!
=

32  𝑙𝑖𝑡𝑒𝑟𝑠

370   𝑙𝑖𝑡𝑒𝑟𝑠𝑠𝑒𝑐𝑜𝑛𝑑
× ln

23  𝑚𝑡𝑜𝑟𝑟
1×10!!𝑡𝑜𝑟𝑟 = 1.5  𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

 

This time is extremely fast and is not realistic. Therefore, there must be another 

contributor to the time it should take to pump down. This is where the desorption rate 

becomes relevant to the discussion. 

All materials absorb gasses from the atmosphere. The largest contributor to this 

phenomenon is water vapor. In order to achieve ultra-high vacuum, as much water vapor 

as possible needs to be removed from the chamber walls. The gas load Qdes can be 

described as [22]: 

 

𝑄!"# = 𝑞!×𝐴×
!!
!!

                                       (3.20) 

In this formula qd is the desorption rate for a specific material. For the initial calculation, 

the rate will be 1 x 10-9 Torr×liters
second×cm2

. This is the rate for polished stainless steel [21]. The 

area (A) is the inner surface area of the chamber, which is the circumference multiplied 

by the height of the chamber, or 0.519 m2
. The two time variables to and t3 represent a 
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time constant and the time for desorption. The time constant t0 is approximated as one 

hour [22].  Using Equation 3.14 and Equation 3.15, the pressure of the desorbed gas 

would be: 

𝑃! =
!!
!
=

!!×!×
!!
!!

!
                                        (3.21) 

Rearranging the terms, one could calculate the time needed to achieve a specific pressure, 

which is 1 ×10-10 Torr. 

 

𝑡! =   
𝑞!×𝐴×𝑡!
𝑆×𝑃!

=
1×10!! Torr×literssecond×cm2×0.519𝑚!×1ℎ𝑜𝑢𝑟

370 𝐿𝑆×1×10
!!"𝑡𝑜𝑟𝑟

= 𝟏𝟒𝟎.𝟑  𝐡𝐨𝐮𝐫𝐬   

 

140 hours is obviously too long for an evacuation time. In order to decrease this time, a 

bake out of the main chamber is required. The bake out is for approximately three days at 

a temperature of about 180°C. The bake out changes the desorption rate by almost an 

order of magnitude [21]. Therefore the solution becomes: 

𝑡! =   
𝑞!×𝐴×𝑡!
𝑆×𝑃!

=
1×10!!" Torr×literssecond×cm2×0.519𝑚!×1ℎ𝑜𝑢𝑟

370 𝐿𝑆×1×10
!!"𝑡𝑜𝑟𝑟

= 𝟏𝟒.𝟎  𝐡𝐨𝐮𝐫𝐬   

 

This is a much more reasonable time frame. These calculations are based on the pumps 

we have assigned to the system. These times can be reduced by acquiring faster pumps, 

but these pumps have a greater cost. 
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3.2.2 Pressure Measurement 

Along with the pumps, pressure measurement devices are also necessary. This 

system utilizes three types of pressure measurement devices. A nude hot-filament 

ionization gauge is used to measure pressures less than 10-4 Torr. For pressures greater 

than 10-4 Torr, a convectron gauge is used. The final gauge the system uses is a MKS 

Baratron Type 627D Absolute Pressure Transducer. The Type 627D is currently set up in 

the 1000 Torr full scale range and is capable of accurate measurement at pressures greater 

than 500 mTorr. This transducer is electrically connected to the MKS Type 253B 

Throttling Valve.  The throttle valve is necessary in order to adjust the pressure during 

gas processes. The transducer and valve can control pressures that are greater than 5 Torr.  

 There are a number of modifications that could be made to the system in order to 

make it more versatile. One modification would be to add a throttle valve, similar to that 

which is in series to the dry pump, connecting the main chamber to the turbomolecular 

pump. The current configuration has a manual gate valve in series with the 

turbomolecular pump. This addition would allow future users to incorporate process 

recipes at much lower pressures than are currently available. One could conceivably have 

the availability to use high pressure recipes using the dry pump and low pressure recipes 

using the turbomolecular pump. Another modification that could allow for the use of low 

pressure recipes would be to replace the current pressure transducer with a full scale 

range of 1000 Torr with one of a lower full-scale range, i.e., 1 Torr full scale. This would 

necessarily remove the availability of high pressure recipes, but if high pressures are not 

needed, this would be a less costly modification than the preceding one due to the 
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connection sizes. A final modification that would be useful to the system would be the 

addition of a surface characterization device. RHEED would be useful in this application. 

This application would be used to investigate the thin film growth in-situ. 
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Chapter 4: Graphene Synthesis 

	  

	  

Figure 19: Graphene. Reproduced from Ref. [18]. 

         

	  

First described in 1962 by Hanns-Peter Boehm [23] and isolated in 2004 [24], 

research interest in graphene has exploded throughout the world, culminating in the 

Nobel Prize in Physics for Dr. Geim and Dr. Novoselov "for groundbreaking experiments 

regarding the two-dimensional material graphene" [25]. Graphene, shown above in 

Figure 19, can be best described as a “flat monolayer of carbon atoms tightly packed into 

a two-dimensional (2D) honeycomb lattice” [2]. Interest in graphene has been primarily 

focused on its unique electrical properties. These properties would include charge carriers 

that are massless Dirac fermions [26] and an extraordinarily high electron mobility [27]. 

Graphene also has shown important mechanical properties which allow it to be 

considered one of the strongest materials ever tested [28]. The primary method of 

isolating graphene samples for research purposes has been a process called 

micromechanical cleavage. This method is accomplished by using a Scotch-like tape to 
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repetitively peel off layers of graphite with the hopes of acquiring monolayer graphene. 

These cleaved samples would then be transferred to a silicon dioxide substrate for 

investigation. This method is extremely time consuming, has a high rate of failure, and 

achieves sample sizes in the tens of micrometers [2]. There is obviously a need to find 

another way of acquiring high quality and large size monolayer graphene. This chapter 

will discuss two promising methods of graphene growth that could be performed by the 

system discussed in this thesis: 1) sublimation of carbon faced silicon carbide, and 2) 

chemical vapor deposition on copper foils. The chapter will then conclude with examples 

of deposition performed using this system. 

 

4.1 Silicon Carbide Graphitization 

Graphitization of silicon carbide (SiC) is not a recent subject of research. Silicon 

sublimation of silicon carbide was first investigated as far back as 1962 [29]. The process 

was modernized in 2009 in order to grow graphene on silicon carbide [30]. Originally, 

the process was to anneal the SiC samples at relatively high temperatures (~1000°C) in 

ultra-high vacuum [31]. The principle growth mechanism was that the surface bonds 

between the silicon and carbon atoms were broken and the silicon atoms would sublimate 

from the surface. The remaining carbon atoms would diffuse across the crystal surface 

reattaching to other carbon atoms. Research showed that this process led to surface 

morphologies that were less than ideal [31]. Generally, the surfaces of the samples were 

extremely rough with small graphene domains that were of inconsistent thicknesses [31]. 

Figure 20 below shows an example of a silicon carbide surface after a UHV anneal at 



48	  
	  

1280°C. In the figure, the surface is significantly rough with pits (black areas) and 

various thicknesses of graphitic material (brown areas). 

	  

Figure 20: Silicon Carbide after UHV anneal at 1280°C. Reproduced from Ref. [26]. 

 

 One solution proposed for achieving smoother surface morphologies was to raise the 

temperature of the annealing process [31]. Raising the temperature, it was suggested, 

would allow the system to achieve higher quality morphology. Raising the temperature 

also has the effect of sublimating the silicon atoms faster from the crystal surface. This in 

turn will increase the growth of the graphene-like material on the surface, which 

promotes smaller graphene grains and increased surface roughening. A solution to the 

problem presented by Emtsev et al. [30] was to anneal the silicon carbide in near 

atmospheric pressures using a non-reacting gas, i.e., argon. The introduction of a large 

argon presence was to impede the sublimation of silicon from the surface of the sample. 

It accomplishes this because the argon atoms present a barrier to the silicon atoms trying 

to escape the surface. This allows for the annealing temperature to be increased 

(~1650°C), which in turn reduces the surface roughness of the sample by allowing the 
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surface reconstruction to complete. Figure 21 below is an example of the decreased 

roughening of the silicon carbide surface utilizing this process. 

	  

Figure 21: Silicon Carbide after anneal at ~675 Torr and 1650°C. Reproduced from Ref. [25]. 

	  

Graphene grain sizes that measure approximately 3µm x 50µm have been achieved [30]. 

This method has been shown to work with CVD grown silicon carbide on sapphire 

substrates as well as single crystal wafers [32]. Use of this method has enabled the 

investigation of high-frequency graphene transistors [33] and graphene based integrated 

circuits [34].  

 

4.2 CVD Graphitization of Copper 

 One of the more successful methods of acquiring monolayer graphene is growing 

by CVD on copper foils. First introduced in 2009, the process requires the thermal 

decomposition of a hydrocarbon, typically methane, to access the carbon constituents 

needed for growth [35]. The CVD growth of graphene on transition metals, such as nickel 
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[36], ruthenium [38] and cobalt [37], had also been researched extensively. Most of the 

transition metals used a segregation process in which the carbon atoms would be 

absorbed into the metal at high temperatures and then pushed out of the metal upon 

cooling. The amount of carbon desorbed to the surface would be dependent on the solid 

solubility of the metal and the cooling time. If the solid solubility is high, i.e., nickel, then 

thicker graphite films would be grown. In the more recent work, there has been 

optimization of the processes in which a fast cooling recipe has been created to subdue 

the desorption development. The films reported continue to have multiple graphene 

thicknesses, mostly small grain sizes and other defects [36]. This can be seen in Figure 22 

below, where the arrows point to domains that are 1-2 monolayers of graphene. 

 

	  

Figure 22: Optical image of a Ni film with graphene film. Reproduced from Ref. [32]. 

	  

In the case of copper foils, the growth process of graphene appears to be self-

limiting; the thickness of the film does not appear to grow over time [35]. One of the 
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bigger obstacles that arose with use of copper foils and other transition metals are the 

numerous, very small domains of graphene grown epitaxially. These domains consist of 

monolayer graphene, but the domain edges create significant problems with respect to the 

transport and fundamental properties of the film [39]. Therefore, the need to grow 

graphene of large domains was important. It was found that if the growth parameters, 

precursor flow rate, pressure, and temperature were tightly controlled, then large grain 

sizes could be achieved [40]. Graphene growth on copper foils begins at specific places 

or nucleation sites. The smaller number of these sites initially developed on the foil 

surface, the larger the domains of graphene there are. This is accomplished by increasing 

the temperature of the system, reducing the flow rate of the precursor gas, and lowering 

the overall system pressure [40]. Figure 23 below shows the morphology change that 

occurs on the surface as the different parameters are adjusted for process optimization. 

 

	  

Figure 23: SEM images of partially grown graphene under different growth conditions: T (°C)/JMd (sccm)/PMe 
(mTorr): (a) 985/35/460, (b) 1035/35/460, (c) 1035/7/460, (d) 1035/7/160. Scale bars are 10 µm. . Reproduced from 

Ref. [36]. 
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Similar to copper foils, another route to graphene growth currently being 

investigated is the growth of graphene on a deposited polycrystalline copper on various 

substrates. The copper (111) surface has been found to be the most favorable due to a low 

lattice mismatch [41], [42], [43]. This particular orientation of copper has been found to 

grow on c-plane sapphire [20], which is not particularly cost effective compared to 

silicon wafers. Recently, Cu (111) has been achieved on oxidized silicon wafers [44]. 

This was accomplished by annealing electron-beam evaporated copper on an oxidized 

silicon surface in a high flow rate of molecular hydrogen at approximately 1000°C [44]. 

Once the annealing was completed, the thermal growth of graphene was accomplished 

with methane at the same temperature as the annealing process.  

	  

Figure 24: Optical microscope image of graphene on SiO2/Si, showing uniform contrast over 0.5 × 0.5 mm2 area (scale 
bar = 200 µm). The inset is the step height measurement by atomic force microscopy in an open region in the film 

exposing the underlying SiO2. Reproduced from Ref. [44]. 
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4.3 CVD Experiments 

In building this system, the initial purpose was to grow graphene on an arbitrary 

substrate in an ultra-high vacuum environment. While achieving promising results, this 

goal has so far proved elusive. Introducing changes to the process recipe could provide 

more favorable results. The current process recipe begins with the electron beam 

evaporation of 300nm of copper on a 51mm silicon (111) wafer. The sample is then 

broken into smaller pieces of approximately 1 cm2. An individual sample piece is then 

placed on the graphite sample holder and loaded into the chamber. The chamber is 

evacuated and brought to ultra-high vacuum conditions (~10-8 Torr). Once UHV 

conditions have been reached, the heater is brought to 250°C followed by a 20-minute 

ramp to 1000°C. As soon as the temperature of the heater reaches 1000°C, molecular 

hydrogen (H2) is introduced to the chamber at a flow rate of 1000 standard cubic 

centimeter per minute (sccm) for a total pressure of approximately 1 Torr. A 5-minute 

anneal is then started. At the completion of the annealing process, the H2 is turned off, 

evacuated, and the methane (CH4) is introduced at a flow rate of 20 sccm (~90 mTorr) for 

a 60-minute growth process. Upon completion of the growth, the heater current is 

reduced to zero over 9 minutes and then argon is introduced at a flow rate of 2000 sccm 

until the temperature is below 100°C. The sample morphology is then investigated using 

a Zeiss Neon 40 Scanning Electron Microscope (SEM). Figures 25-27 below show 

images taken at various zoom settings. The most obvious feature in the images is that the 

surface morphology is relatively rough. There are a large amount of islands of deposited 

carbon located throughout the sample. The grain size of the underlying copper is quite 
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large, with many grains in the 10 µm range. This suggests the hydrogen anneal is 

successful in promoting large grain formation.  

	  

Figure 25: SEM image of growth at 1000°C/90mTorr. 

	  

	  

Figure 26: SEM image of growth at 1000°C/90mTorr. 
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Figure 27: SEM image of growth at 1000°C/90mTorr. 

	  

Figure 28 below shows a graph of Raman measurements that were performed on 

the deposited material with a Raman inVia spectrometer using a 532nm laser. The 

locations of these measurements are shown in Figure 29. The Raman shift peaks, shown 

in Figure 28, are located at approximately the same locations that identify material as 

graphitic [45]. The G peak at 1592cm-1 is much more intense than the 2D peak at 2738 

cm-1. The G:2D ratio is 0.5 for this recipe which leads to the conclusion that, while the 

material deposited is graphitic in nature, it is not graphene. This comes from the fact that 

the G:2D peak ratio for grapheme would be much greater than 1 [45]. The high intensity 

of the D peak at 1374 cm-1 also indicates that there is significant disorder present in the 

deposited material.  
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Figure 28: Raman Spectra for 1000°C/90mTorr sample. 

	  

	  

	  

Figure 29: Optical images from the Raman spectrometer: (L-R) Point A, Point B, Point C 

   

 

A	   B	   C	  
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4.4 Ultra-High Vacuum Annealing1 

Another process the system proved useful for was the ultra-high vacuum 

annealing for monolayer graphene on boron nitride substrates. Boron nitride is considered 

a promising substrate for graphene due to its intrinsic properties. Boron nitride has a 

small lattice mismatch (1.7%) [46] and its dielectric constant (κ = 3-4) is comparable to 

SiO2. As described earlier, boron nitride is also chemically inert and atomically planar 

which would assist in smoother layer of graphene once transferred. [27] During the 

fabrication of a graphene device, a suitable boron nitride substrate is acquired through a 

mechanical exfoliation method similar to the method made notable for the acquisition of 

monolayer graphene. When the tape is lifted off the substrate, a thin residue is usually left 

behind on the sample. This residue leads to damaging effects on the electrical properties 

of the material. A residue also exists when polymethyl methacrylate (PMMA) is used on 

a graphene flake to transfer the flake on silicon dioxide (SiO2) to the boron nitride flake. 

The PMMA residue leads to the unintentional doping of the graphene, which changes the 

intrinsic electrical properties of the material. Therefore, there is a need to remove the 

residue with the much more important caveat of not damaging the underlying material.  

A process that was found to be successful in accomplishing these goals was 

annealing the sample at moderate temperatures in ultra-high vacuum. Once a sample was 

loaded, the heater power was increased for 30-minutes and held at 330°C for 200-

minutes. The heater power was then ramped down for 30-minutes in order to allow the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  The experimental sample and images in this section were graciously provided by Babak 
Fallahazad of The University of Texas at Austin.	  
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sample to slowly cool down. A Digital Instruments/Veeco AFM IV Atomic Force 

Microscope was used to observe any changes in the topography of the substrate. Figure 

30 below shows images taken before and after the annealing process. The image of the 

sample before the anneal is performed shows the PMMA residue on both the transferred 

graphene and the boron nitride. It also shows the abundance of wrinkles that occur in the 

transfer process of monolayer graphene. After the annealing process, the residue is all but 

removed and there is a significant reduction in the wrinkle density of the graphene on the 

boron nitride substrate. The reduction in wrinkle density is significant and it increases the 

surface area of the film that is usable for device fabrication. After the initial annealing, 

electron beam lithography (EBL) is used to define the graphene trimming mask and the 

graphene is trimmed in O2 plasma. EBL is then utilized to define the metal contacts, 

nickel is deposited using an electron beam evaporator, and a lift-off procedure is done to 

remove the excess nickel. A second annealing process is performed to the sample after 

the lift-off procedure. This anneal is similar to the first one. Figure 31 below shows the 

final device before electrical testing.   

One of the key parameters of determining the quality of the graphene monolayer 

is carrier mobility. Carrier mobility describes how quickly electronic charge carriers can 

move through a material by way of an electric field. One of the key reasons describing 

the promise of graphene in nanoelectronics is the high intrinsic carrier mobility of 

graphene (> 200,000 !"
!

!×!
 at low temperatures in suspended sheets) [27]. The mobility 

decreases significantly when the graphene is placed on a substrate. Table 3 shows the 

mobility of the graphene sample before and after the second anneal that was discussed 
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earlier. Before the second annealing, the mobility was calculated to be 2100!"
!

!×!
. After the 

second annealing it was calculated to be 3800!"
!

!×!
. This is an almost 180% increase in the 

mobility. The mobility for this sample is considerably lower than the suspended graphene 

that was reported, due to the electrical interaction of the graphene with the substrate. The 

mobility is calculated using the model described by Kim et al. [47].  

 

 

 

 

Figure 30: Atomic Force Microscopy images of graphene on boron nitride substrate after a 200 minute anneal at 
330°C and a pressure of 10-9 Torr.  
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Figure 31: Graphene on BN/SiO2 with 50 nm Ni contacts. (Length = 15 µm & Width = 2 µm) 

	  

	  

	  

Table 3: Mobility and Dirac voltage of graphene sample based on experimental results. 

 Mobility Dirac Voltage 

Before Second Annealing 2100 cm2/V.s 5.6 V 

After Second Annealing 3800 cm2/V.s -0.25 V 

50nm-‐thick	  
Ni	  contacts 
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Figure 32: 2 point resistance measurements of graphene before (red) and after (black) UHV annealing showing the shift 
of the Dirac point (curve peak) toward 0V. (Channel length = 10.2 µm & width = 2 µm)	  

 
Another parameter that is important in characterizing the quality of the graphene 

after annealing is the shift of the charge neutrality point (Dirac point). Figure 32 above 

visually shows the Dirac point having shifted closer to 0V. The actual voltages 

corresponding to the Dirac point can be found above in Table 3. The shift in the Dirac 

point corresponds to doping in the graphene. This would suggest the residue left over 

from the various transfer processes is doping the graphene layer and that the annealing of 

the sample leads to a cleaner, more intrinsic graphene.  

 

 

Dirac Peak shift 
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Chapter 5: Future Considerations 
 The high temperature UHVCVD has yielded some encouraging results in growth 

and especially annealing arbitrary substrates. The continuing evolution of the system is 

imperative for successful results. This chapter will discuss some of the more important 

changes that, in the opinion of the author, will inspire more successful growths in the 

future. 

 One change that could assist in acquiring better growths would be to lower the 

flow rate of the methane precursor. It has been shown that high quality graphene can be 

grown on as-deposited copper using flow rates ~5-10 sccm [44]. In order to achieve these 

lower flow rates, the mass flow controller (MFC) for the methane would need to be 

changed from its existing maximum of 200 sccm to one with a much smaller maximum 

flow rate, such as 50 sccm or even 10 sccm. The reason for this is that MFCs become 

much less accurate below 10% and above 90% of full scale rating.  

 Another change that could encourage better surface morphology would be to 

attach a throttle/butterfly valve in front of the turbo pump inlet to the main chamber. This 

throttle valve could be controlled through the use of a capacitance monometer, which is 

the same as the existing throttle valve. This would make the investigation of growth at 

high vacuum (~1mTorr) much easier and more accurate than the current solution of 

manually closing a gate valve. Growths at low pressures have been shown to increase 

grain sizes on copper [48]. 
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