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ABSTRACT OF THE DISSERTATION  

 

 

Carbon sp2-on-sp3 Technology: Graphene-on-Diamond  
Devices and Interconnects 

by 

 

Jie Yu 

 

 

Doctor of Philosophy, Graduate Program in Electrical Engineering 
University of California, Riverside, September 2012 

Dr. Alexander A. Balandin, Chairperson  
 

 

Graphene demonstrates potential in practical applications due to its excellent 

electronic and thermal properties.  Typical graphene field-effect transistors and 

interconnects built on conventional SiO2/Si substrates reveal a breakdown current 

density on the order of 1 µA/nm2 (i.e. 108 A/cm2) which is approximately 100 times 

larger than the fundamental limit for metals, but still smaller than the maximum 

achieved in carbon nanotubes.  In this dissertation research I investigated different 

methods of fabricating graphene devices and interconnects on synthetic diamond and 

tested their current-voltage and thermal characteristics.  Several types of these 

graphene-on-diamond devices have been compared to graphene-on-SiO2/Si devices as 

a baseline reference.  It was established that by replacing SiO2 with synthetic diamond 

one can substantially increase the current carrying capacity of graphene to a level as 

high as ~18 µA/nm2 in ambient conditions.  The obtained results indicate that 
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graphene’s current-induced breakdown is thermally activated.  It was also found that 

the current carrying capacity of graphene can be improved not only on single-crystal 

diamond substrates, but also on inexpensive ultrananocrystalline diamond (UNCD).  

Additionally, UNCD can be produced in low-temperature processes compatible with 

conventional Si technology which is attributed to the decreased thermal resistance of 

ultrananocrystalline diamond layers at elevated temperatures.  The obtained results are 

important for graphene’s applications in interconnects and transistors and can lead to 

the new planar sp2-on-sp3 carbon-on-carbon technology. 
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Chapter 1     

Introduction 

Moore’s Law predicted a steady trend stating that industry will yield a two-fold increase 

in transistors accompanied by a drastic reduction in size every 18 months [1].  This trend 

for microprocessors has continued without much deviation until recently when silicon-

based devices began to reach their limitations on speed, size, thermodynamic stability, 

and electrical current leakage [2].  Recent studies in materials research have drawn 

increased interest towards low dimensional materials for integration into or replacement 

of current silicon complementary metal-oxide semiconductor (Si-CMOS) integrated 

circuit (IC) technology.  Carbon-based electronics has become a paramount focus of 

advancing technology beyond their previous limits through numerous approaches [3]. 

The main reason for making transistors smaller is to pack more and more 

devices in a given chip area.  This results in a chip with the same functionality, but in a 

smaller package.  Since fabrication costs for a semiconductor wafer are relatively fixed, 

the cost per integrated circuit is mainly related to the number of chips that can be 

produced per wafer.  Hence, smaller ICs allow more chips per wafer, thereby reducing 

the price per chip.  As the device sizes enter the nano scale domain thermal management 

becomes a very serious issue.  Heat transfer at the nano scale is significantly different 

from that on the macro scale.  This has serious implications for design, reliability, and 

thermal management of devices.  For a wide range of microelectronic devices like CMOS 

field-effect transistors, hetero-junction bipolar transistors, and high electron mobility 
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transistors excessive heating severely impedes normal operation.  Downscaling the 

feature size leads to an increase in the power dissipation per unit area despite a lower 

power supply voltage.  In the microelectronics industry, the development of high speed 

interconnects for semiconductor devices demand new materials which have low dielectric 

constant, low propagation delay and minimized capacitive line loading.  

 

1.1 THERMAL MANAGEMENT OF NANOSCALE ELECTRONIC DEVICES 

The issue of heat dissipation is well recognized in the latest state-of-the-art generation of 

ICs and poses a serious challenge.  There are several causes behind these problems, 

including increased phonon boundary scattering [4], decreased phonon group velocity, 

spatial confinement and quantization of acoustic phonon modes [5], pronounced thermal 

boundary resistance due to the phonon scattering mechanism when the device feature size 

approaches to the nano-scale comparable to that of the phonon mean free path (MFP). 

Currently, thermal management is addressed on the circuit packaging level, but new 

concepts of heat removal allows for the extension of thermal management to the device 

and materials level.  The downscaling of device sizes results in higher heat resistance and, 

therefore, higher heat-attributed performance failures.  Thermal boundary resistance 

becomes a more crucial phenomenon as the number of transistors and interconnects 

increases and chip feature size decreases making it more difficult to remove heat.  The 

theory behind this phenomenon is explained by the acoustic impedance mismatch 

between interfaces of two materials that causes a temperature drop when heat flows 

between them [6]. 
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Thermal transport in thin films is of great research interest with many reported 

detailed studies [7].  Phonon scattering on thin film boundaries influences heat 

conduction and interfacial effects resulting in the difference between bulk and thin film 

thermal properties.  As the thickness of a thin film becomes smaller than the phonon 

mean free path, phonon scattering increases.  Thermal conductivity is also influenced by 

the phonon scattering at grain boundaries.  As the scale of devices decreases, significant 

consideration is made for the thermal effects contributed by a circuit’s interconnect 

system.  When a current density is applied to an interconnect, a transport of the metallic 

particles making up the interconnect, called electromigration, may occur.  This puts a 

limitation on the maximum permissible current density. 

 

1.2 PROPERTIES OF GRAPHENE AND CARBON MATERIALS 

In 2004, graphene was discovered experimentally through mechanical exfoliation [8, 9]. 

Graphene is a single atomic layer of sp2 bonded carbon atoms arranged in a hexagonal 

crystal lattice.  For the past several years, graphene research has incurred a massive influx 

of published works including studies on experimental, theoretical, and practical 

application findings for this material.  An understanding of the phonon dispersion of 

graphene is essential to interpreting the Raman spectra of graphene.  Graphene consists of 

sp2 carbon hexagonal networks.  Two adjacent carbon atoms form the strong covalent 

bonds the unit cell of monolayer graphene contains two carbon atoms A and B in an AB 

(or Bernal) stacking arrangement with the carbon-carbon distance c ca −  = 0.142 nm. 

Figure 1.1 shows the first Brillouin zone of graphene, with the high-symmetry points ,M
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,K ,'K and Γ marked. K  and 'K are the two inequivalent points in the Brillouin zone. 

The s, px and py orbital of carbon atoms form σ bonds with the neighboring carbon atoms. 

The two electrons in the px orbital, one from each carbon form the bonding π  and anti-

bonding *π  bands of graphene. The dispersion relation of these electrons is described by 

the tight-binding model incorporating only the first nearest neighbor interactions [10, 11]. 

Prior to graphene’s discovery, carbon nanotubes were the major focus of 

carbon-based research which yielded few applications due to the major limiting factor of 

the inability to develop parallel fabrication processes that were cheap, simple, and 

compatible with integration into current silicon manufacturing processes. 

A

B

1a

2a

aa) b)
yk

2b 1b

Γ
BZ

K K’

M

K

xk

 

Figure 1.1: (a) Graphene lattice. 1a  and 2a  are the unit vectors. (b) Reciprocal lattice of 
graphene.  The shaded hexagon is the first Brillouin zone. 1b  and 2b  are reciprocal 
lattice vectors . 

 

 

 



  
 

5 
 

1.3 MOTIVATIONS FOR THERMAL MANAGEMENT RESEARCH 

Graphene reveals exotic intrinsic electronic [8, 9, 10, 11] and thermal [12, 13, 14] 

properties that is summarized in Table 1.1.  SLG reveals electron mobility in the range 

from ~40,000 to 400,000 cm2V-1s-1 [15] bi-layer graphene (BLG) exhibits intrinsic 

thermal conductivity near ~ 2500 W/mK [13, 14] while large suspended flakes [14, 15-19] 

demonstrate intrinsic thermal conductivity above ~ 3000 W/mK.  These intrinsic 

properties remain strongly dependent on the number of atomic planes. 

 

Table 1.1: Room temperature thermal conductivity values of semiconductor materials 
and carbon materials*. 
 
Important Materials Room Temp Thermal Conductivity 

Silicon (Si) 145 W/mK 

SiO2 1 - 13 W/mK 

Copper 400 W/mK 

Diamond 1000 - 2200 W/mK 

Graphite 200 - 2000 W/mK  

 Diamond-like Carbon (DLC) 0.1 - 10 W/mK 

Carbon Nano-tubes (CNTs) 3000 - 3500 W/mK 

Ultrananocrystalline Diamond (UNCD) 12 W/mK 

Single Layer Graphene ~2000~5300 W/mK  

Bi-Layer / Few Layer Graphene ~2800 W/mK  / ~1300W/mK  

*The data in the table is after Refs [8-19]. 
 



  
 

6 
 

In addition to investigating the breakdown current density in graphene-on-

diamond devices, we propose to consider diamond and multi-layer graphene-based films 

as materials for heat spreading.  Recent progress in synthetic diamond deposition, which 

can be carried out at relatively low temperatures, renewed interest to diamond for thermal 

management. The thermal conductivity of materials used in transistors and interconnects 

are much lower than that of diamond. The crystalline diamond is too expensive and 

requires high-temperature processing not compatible with silicon.  Microcrystalline or 

nanocrystalline diamond, however, can now be deposited on silicon wafers by the 

chemical vapor deposition (CVD) techniques at relatively low temperature.  The benefits 

of diamond enable new micro and nanofabrication applications, including MEMS and 

traditional III-V devices, while its thermal conductivity and ability to be metalized also 

make it a promising material for silicon electronic devices.  

 

1.4 RAMAN SPECTROSCOPY OF GRAPHENE 

1.4.1 RAMAN SPECTROSCOPY BASICS 

Raman spectroscopy is an effective and non-destructive technique widely used in solid 

state physics to characterize materials, measure temperature and find the crystallographic 

orientation of a sample.  Historically, Raman spectroscopy has played an important role 

in the structural characterization of graphitic materials and today has become a powerful 

tool for understanding the behavior of electrons and phonons in graphene. 

Raman spectroscopy relies on inelastic scattering of monochromatic light, 

usually from a laser in the visible, near infrared or near ultraviolet range.  Raman 
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scattering occurs because of an interaction between incident light  iω  and a material 

which leads to the annihilation or creation of a phonon.  A phonon is a quantum of lattice 

vibration near its equilibrium position within a crystal, which affects the energy transport 

in the material.  The lattice loses or gains energy, iω  , where   is Planck’s constant and 

ω is the characteristic phonon frequency.  There is a corresponding increase or decrease 

in the frequency sω  of scattered photon ωωω ±= ss  due to the lattice’s loss or gain of 

energy. 

If the molecule of the sample with no Raman-active modes absorbs a photon 

with the frequency 0ω  the excited molecule returns back to the same basic vibrational 

state and emit light with the same frequency 0ω  as the excitation source.  This type of 

interaction is called an elastic Rayleigh scattering.  Raman scattering, on the other hand, 

is inelastic scattering caused by the energy transfer between the photons and the 

molecules during their interaction.  If the frequency of the scattered photon is less than 

the frequency of the incident photon, a quantum of energy is added to the sample.  This 

shift in frequency is identified as a Stokes shift.  If the frequency of the scattered photon, 

however, is greater than the frequency of the incident photon, this shift in frequency is 

identified as an anti-Stokes shift which corresponds to a phonon’s annihilation.  See 

Figure 1.2 
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Figure 1.2: Schematic of the Rayleigh, Stokes, and anti-Stokes scattering processes. 

In Raman scattering, the amount of change in polarizability of the molecular 

will determine the Raman scattering intensity (i.e. the number of photons scattered).  The 

Raman shift (cm-1) is determined by the frequency (or energy) difference between the 

incident photon and the scattered photon which provides frequency (or energy) 

information about the phonons.  The pattern of shifted frequencies is determined by the 

rotational and vibrational states of the sample.  The resulting plot of intensity versus 

Raman shift (cm-1) is called a Raman spectrum.  

 For visible light, Raman phonons exist close to the center of the Brillouin zone 

(or close to a zero wave vector), where the wavelength of visible light is large compared 

to the lattice spacing.  The photon wave vector is nkq photon π2=  where n is the refractive 

index and k is the wave number.  Wave vectors of photons are usually on the order of 105 

cm-1 and are smaller than the size of the B.Z. by an order of 108 cm-1.  The wave vector q  
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has maximum value of  a
π  , where a is the material’s lattice constant. For a lattice 

constant of ~3 Å, a typical value of the B.Z. wave vector can be 108 cm-1.  For this reason, 

the Raman spectroscopy data of bulk crystalline materials provides the frequency for the 

phonons close to q = 0 (B.Z. center) on the phonon dispersion curve.  Peaks in the Raman 

spectra arise from the inelastic scattering of photons yielding information that the 

vibrational modes of the atoms at the BZ center of the unit cell are optical phonon modes. 

Each band in the Raman spectrum, therefore, represents the BZ center energy of an 

optical phonon branch in the dispersion relation. 

As a good approximation, Raman scattering occurs from zero-wave vector 

phonons.  To some extent that the phonon wave vector will differ from zero, phonon 

selection rules will deviate from the zero-wave vector rules and will instead depend on 

the angle between the direction of propagation of the incident light and the scattered light 

for optical phonons, which have zero dispersion at the zone center.  Any direction 

dependence in the Raman shift is quite small.  On the other hand, acoustic phonons, 

which have a linear dispersion near the zone center, the angular dependence of the 

Raman shift is more pronounced.  The wave vector of an acoustic phonon is quite small 

with a small energy.  Raman scattering from low energy acoustic phonons is known as 

Brillouin scattering.  The Raman scattering selection rules in crystalline solid follows 

those of space groups.  The Raman active phonon modes can be classified according to 

the irreducible representations of the crystal space group.  The character table of the 

space group is readily available, for example, from group theory references.  
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1.4.2 RAMAN SPECTROSCOPY OF GRAPHENE 

Raman fingerprints of single layer, bilayer and few layer graphene are different and have 

been investigated by several groups [20-27].  Single layer graphene belongs to the D6h 

point group which reduces to D3d for the AB bilayer and ABC trilayer, and to D3h for the 

ABA trilayer.  The zero-wave vector (q=0) optical phonons in single-layer graphene 

belong to E2g (R) and B2g (IR) and for bilayer graphene with AB stacking with four atoms 

per unit cell, the optical modes are 2Eg (R), 2E1u (IR), A2u (IR), 2B1g.  The IR active E1u 

mode is slightly higher in frequency (7 cm-1) than the Raman E g  mode.  

Raman spectrum measured with a laser energy of 2.41 eV for a monolayer 

graphene sample have characteristic G  and D2  bands.  The D2 band for a single layer 

graphene at room temperature exhibits a single lorentzian feature with a full width at half 

maximum (FWHM) value of ~24 cm-1.  The intensity of the D2  band relative to the G  

band in single layer graphene is the highest compared to bilayer and multilayer graphene. 

This large relative intensity of the D2  band to G  band can be understood in terms of a 

triple resonance process, the typical G  peak location is at ~1580 cm-1 and that of the D2  

peak is at 2700 cm-1. 

Table 1.2 compares the Raman spectra in the D2  band region for monolayer,  

bilayer, trilayer, and four layer graphene and HOPG, and shows the evolution of the 

Raman spectra with the number of layers.  The turning point of the Raman spectra, 

distinguishing the D2 band for HOPG from that for few layer graphene, starts to happen 

at 4 LG, where the experimental analysis is here given in terms of three peaks.  It is 
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possible to see that now the high frequency side of the D2 band has a larger intensity 

than that for fewer  

 

 

 

 

 

 

 
 

 

 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Raman spectroscopy of single layer graphene (top) and bi-layer graphene on 
SiO2 (bottom). 
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graphene layers, indicating the passage to HOPG, which has its higher intensity peak at 

higher frequencies.  We have shown in this section how the D2  band line shape can be 

used to determine the number of layers of a graphene sample with AB stacking.  Raman 

spectroscopy thus provides a useful and fast method to quantify the number of graphene 

layers and also provides some information about the stacking order.  Group theory 

analysis can help to understand the relation between the number of layers and the number 

of peaks in the D2 band that can be expected.   

 

Table 1.2 2D Peak features for different layer of graphene data from reference*. 

Graphene 2D Peak Features (cm-1)  

5 layers  D2A = 2728, D2B = 2762  

4 layers  D2A = 2702, D2B = 2732  

3 layers  D2A = 2697, D2B = 2719  

2 layers  2D1B = 2661, 2D1A = 2688, 2D2A = 2706, 2D2B = 2719  

1 layer  2D = 2691  

*This data in the table is after ref. [31].  
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Chapter 2     

Thermal Properties of Carbon Materials  
 

2.1 OVERVIEW OF THERMAL PROPERTIES OF CARBON MATERIALS  

2.1.1 BASICS OF HEAT CONDUCTION ANDTHERMAL CONDUCTIVITY 

Thermal conductivity is a material property that indicates a material’s ability to conduct 

heat.  According to Fourier’s Law of heat conduction:  �̇� = -KA∆T, where �̇� is the rate of 

heat flow, A is the total cross sectional area of the conducting surface, ∆T is the 

temperature difference, and K is the thermal conductivity coefficient [1].  The total 

thermal conductivity of semiconductor materials is given by pe KKK +=  , where eK is 

contributed from electrons which is the thermal conductivity component due to electrical 

charge carriers and pK  is the thermal conductivity component due to the phonons (lattice 

vibrations).  Heat is carried by electrons and acoustic phonons.  

Lattice vibration is not perfectly elastic as proposed by Debye.  Elastic modulus 

variation gives rise to the scattering of vibrational waves and phonon wave packet 

origination [1, 2].  These variations occur point to point, according to the displacement of 

the atoms from their equilibrium positions.  This vibration is considered on a collective 

basis rather than on the basis of an individual atom and can be considered a whole system 

that can be broken down into normal modes of lattice vibration.  Phonons are the quanta 

of lattice vibrations, analogous to photons which are the quanta of light.  Phonons are 

quasi-particles having energy, ω , and quasi- momentum, qp = , which obey Bose-



  
 

17 
 

Einstein statistics.  At low temperatures (~ 0 K), these phonons propagate through a 

perfectly elastic crystal without interfering with one another, but at high temperatures 

(above room temperature) momentum is not conserved in the phonon- phonon interaction 

due to Umklapp processes.  This introduces thermal resistance and limits thermal 

conductivity which varies as a function of T
1 .  In a metal, conduction electrons are 

responsible for the transport of both heat and charge.  Also in metal, the phonon 

contribution to the thermal conductivity is negligible due to the scattering of phonons by 

the electrons and the electron component eK being large compared to the phonon 

component.  Thermal conductivity in non-metals is dominated by lattice vibrations 

(phonons).  At temperature below the Debye temperature, thermal conductivity decreases 

in non-metals with decreasing temperature.  So the thermal conductivity in pure metals 

stays approximately constant while the electrical resistivity increases proportional to 

temperature.  Doped extrinsic semiconductors have very high electrical conductivity 

where phonons are the primary heat carriers.  

 

2.1.2 THERMAL PROPERTIES OF GRPAHENE  

Graphite has high thermal conductivity; the bulk graphite (highly oriented pyrolytic 

graphite (HOPG)) has in plane K  of ~2,000 WmK-1 at room temperature which is in 

excellent agreement with the theoretical prediction [3, 4]. Graphene, which is single atom 

sheet exfoliated from graphite can be predicted to have even higher thermal conductivity. 

Thermal conductivity of graphene is first measured and reported by Balandin et .al [5]. 

This experiment is performed by Raman Spectroscopy. The laser light is shined on the 
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suspended graphene flake to provide the power P  graphene flake is connected to the heat 

sinks at its both end. The temperature T  will rise according to the laser power P  applied. 

The G  peak and D2  peak shift is temperature dependent. A relation between 

temperature coefficient and Raman peak is extracted from experimental result. Based on 

the relation we can know the temperature rise according to the Raman shift. The thermal 

conductivity can be calculated by using the equation [1-2].    

1

2

−









∆
∆









=

G
G

G Pwa
LK ωχ

                                                                                                (2.1)
 

Where L  is the distance from the middle of the graphene flake to the heat sink and Gχ is 

the temperature coefficient we can extract from the relation with Raman peak. More 

experimental details can be found in [5].  The reason for using the suspended graphene is 

because its K value is close to the intrinsic .K   The thermal coupling to the substrate is 

reduced to minimum that allow one to extract the graphene thermal conductivity rather 

than the extrinsically limited value affected by the scattering from the substrate defects 

and impurities.  

I summarize the reports on the thermal conductivity of graphene by different 

groups. One group measured the thermal conductivity of suspended graphene using the 

same opto-thermal Raman measurements method in [5] under temperature 660 K [6], 

they get the result K=630 WmK-1.  The explanation for the low thermal conductivity lies 

in various geometry of graphene size and K  decrease with .T  Other result including 

suspended CVD grown graphene with thermal conductivity ~2500 WmK-1 at 350 K  and 
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~1400 WmK-1 at 500K [7].   And suspended exfoliated graphene measurement result 

with K ~1500 to ~5000 WmK-1 [8].  Substrate supported graphene thermal conductivity 

is also reported in [9], the in plane K  is ~600 WmK-1 at room temperature they attribute 

the reduced value to graphene substrate coupling and phonon leaking across the interface. 

After remove the effect of the substrate by solving Boltzmann transport equation, the K  

is around ~3000 WmK-1. The measurement using other method like electrical self heating 

showed that graphene nanoribbons revealed K ~1000-1400 WmK-1 [10]. 

The relation between the thermal conductivity and the numbers of graphene 

layers was also studied. The result shows that the thermal conduction in few layer 

graphene is limited by the boundary scattering, as n in FLG increase, the phonon 

dispersion changes and phonon scattering increased because more phase space states [11]. 

Thermal conductivity K  of suspended few layer graphene approach the bulk graphite. 

This is explained by considering the intrinsic quasi-2D crystal properties described by the 

phonon Umkapp scattering [12].  

 

2.1.3 THERMAL PROPERTIES OF OTHER CARBON MATERIALS 

Heat removal has become a critical issue for the downscaling of the chip size in the 

electronic industry owing to increased levels of dissipated power density. There is a 

strong motivation for the research on new materials with excellent thermal properties that 

can contribute to thermal management of electronics. Carbon allotropes and their 

derivatives reveal the intriguing thermal properties. The room temperature thermal 
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conductivity of nanostructure carbon materials in different allotropes spans a large range 

[13]. In solid materials heat is carried by acoustic phonons and electrons, acoustic 

phonons are the ion-core vibrations in a crystal lattice so thermal conductivity can be 

expressed in pe KKK += , eK  and pK  dominant respectively in metal and carbon 

materials. eK  is defined by Wiedemann-Franz law 2

22

3eT
K Be κπ
σ

= where eκ is the 

Boltzmann constant and e is the charge of an electron. ∑ ∫=
j jjjp dCK ωωτωυω )()()( 2

Where j is the phonon polarization branch, jυ is the phone group velocity, jC  is the heat 

capacity, jω is the phonon frequency and jτ is the phonon relaxation time.   The phonon 

mean free path τυ=Λ when the device feature size L  is larger than MFP, the phone 

dispersion is bulk dispersion and the dominant scattering process is 3-phonon Umklapp 

and point defects, and when L <MFP, in addition to the Umklapp 3-phonon scattering 

and Rayleigh scattering, phonon boundary and rough interface scattering emerges as a 

dominant phonon scattering mechanism and the thermal transport is termed ballistic. 

Umklapp processes [14] is used to describe the anharmonic phonon interactions, which 

mean K is only limited by the scattering of other phonons in perfect crystal without 

defects or impurities- that is also called crystal-lattice anharmonicity. When the critical 

features shrinks approaching to the phonon mean free path, the thermal conductivity is 

limited by the extrinsic effects, such as phonon defect scattering and phonon rough 

boundary. Thermal conductivity of low dimension structures can be reduced as much as 
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50% by the additional phonon scattering. And the relation between thermal conductivity 

K  and T  is different also in bulk at lowT , )(TK  is ~ 3T , and in 2D systems, )(TK ~ 2T . 

Carbon materials as great candidates for thermal management materials reveal 

thermal properties with room temperature thermal conductivity ranging from 0.01 WmK-

1 to above 3000 WmK-1. Disordered and nanostructure carbons like diamond-like carbon 

(DLC) is a class of amorphous carbon with a significant fraction of C-C sp3 bonds, 

morphology of diamond-like carbon materials can be categorized into the following type, 

tetrahedral amorphous carbon (ta-C) is hydrogen-free DLC with the highest sp3 content. 

Other hydrogenated amorphous carbons (a-C: H) can be classified into four classes [15] 

based on the content of H and sp3 fraction including polymer-like a-C: H (PLCH), 

diamond-like a-C: H (DLCH), hydrogenated tetrahedral amorphous carbon (ta-C: H) and 

graphene like a-C: H (GLCH). DLC has a wide range of applications for the electronic 

devices; it can be used as insulator in device fabrication, electrical insulator on Cu heat 

sinks for logic and array chips [17], protective coatings for magnetic storage disks. And 

recently reported of high frequency, scaled graphene transistors on diamond-like carbon 

with cut-off frequencies up to 155GHz imply the potential application of DLC in r.f. 

devices area [18]. Tetrahedral amorphous carbon reveals the highest RT K ~ 10 WmK-1, 

and hydrogenated tetrahedral amorphous carbon has K ~ 1 WmK-1, polymeric and 

graphitic DLC films have the lowest K ~ 0.1-0.3 WmK-1, the thermal conductivity of 

DLC varies according to the sp3 phase’s amount and structural disorder [13, 19]. 
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Ultrananocrystalline (UNCD), nanocrystalline (NCD) and microcrystalline 

diamond (MCD) is the emphasis of our study in this dissertation because their interesting 

properties. The definition is based on the crystallite grain size, ranging from few 

nanometers to micrometer, the size variation is depend on the varying the gas phase 

chemistry of the PECVD process [20], the grain size, grain geometry and other 

parameters can be controlled by varying the process condition which makes UNCD, 

NCD, MCD with the benefit with thermal engineering since some part need thermal 

insulator and the other part need high thermal conductivity used as thermal interface 

material (TIM). Compared with DLC, they both rich in sp3 but the sp3 phase in DLC is 

amorphous, and there are no grain boundaries but NCD the sp3 phase is ordered inside the 

grains and NCD has grain boundaries with small sp2 fraction. These properties make 

NCD promising for thermal engineering. Experimental and theoretical study shows that 

the thermal properties changes accordingly when the grain size changes from nanometer 

to micrometer. In other words, K  depends on D, where the grain size dependence can be 

estimated from DCK vp )3
1(=  [13]. The thermal conductivity of UNCD is around 1-10 

WmK-1 with D = 2 - 5 nm and MCD ~550 WmK-1 with D = 3 – 4 µ m. The surface of 

UNCD was polished by Chemical Mechanical Polishing with roughness less than 1 nm 

and UNCD has smooth surface suitable to be fabricated devices on and the smooth 

interface with Si, which indicate better thermal resistance compared with MCD but MCD 

has higher K  than UNCD because of the larger grains. Another significant benefit 

Polycrystalline diamond Si composite substrate is it will outperform Si wafers at elevated 

temperature in the range around 360 K which is the critical operation temperature for 
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electronic devices [21]. The experimental study of thermal conductivity of UNCD, NCD 

and MCD films on Si using two different thermal measurement techniques: ω3  and the 

hot disk, which will be described in detail in chapter three.  Graphene and CNTs reveal 

extremely high thermal conductivity exceeding that of bulk graphite and diamond [22, 

23]. 

 

2.2 APPLICATIONS OF GRAPHENE AND CARBON NANOTUBE IN 

INTERCONNECT 

In this chapter, we review the current state of research in carbon based nano-materials for 

next generation interconnects application, particularly the one dimensional (1-D) forms, 

graphene nanoribbons (GNRs) and carbon nanotubes (CNTs), whose promising electrical, 

thermal and mechanical properties make them attractive candidates for next generation 

integrated circuit (IC) applications. The state of the art of their interconnect-related 

fabrication and modeling efforts are also reviewed. Both electrical and thermal 

experimental and theoretical performance analysis for various GNR-based and CNT-

based interconnects are presented and compared with conventional interconnect materials 

to provide guidelines for their prospective applications [48]. 

All these unique properties indicate that GNR and CNT could be potentially 

employed as alternative materials for the next generation nano-scale interconnects since 

electromigration reliability is considered the main concerns that plague nano-scale Cu 

interconnects [34].  The average maximum interconnect temperature rise is expected to 



  
 

24 
 

be about 300-700oC in sub-50 nm interconnect technologies according to the 

comprehensive scaling analysis based on fully coupled technological, structural and 

material factors. It has been shown that the interconnect Joule heating problem will 

become more severe due to coupled effects of increasing metal resistivity, increasing 

current density [47].  

Table 2.1 Thermal properties of different carbon materials. 

 Graphene SWCNT MWCNT Cu 

Max current 

density(A/cm2) 

>108  [24-

27] 

>109  [28] >109  [29-33] 107  [34] 

Thermal 

conductivity(103W/mK)  

3-5  [35-

36] 

1.75-5.8  [37] 3  [38] 0.385 

Temperature coefficient 

of resistance(10-3/K) 

-1.47 [39] <1.1 [40] -1.37 [41] 4 

MFP (nm) RT 1×103 [32] >103  [43] 2.5×104  [44] 40 

Melting point (K) ~3800 ~3800 ~3800 ~1356 

Tensile strength (GPa)  11-63 [45] 22.2 [46] 0.22 

 

GNR/CNT interconnect outperform Cu wire under high frequency [53]. At 

high frequencies, the resistance of CNTs saturate especially resistance of MWCNTs 

remains the same under high frequencies when the resistance of metal wire increase 

dramatically while inductance decreases with the frequency, which is known as the skin 
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effect. The promising application of CNT interconnect in high-frequency is predicted 

since CNT interconnect imply a negligible skin effect, which is one of the most critical 

issues in high frequency circuit design that will cause the significantly conductor loss 

increases. These attractive properties of CNTs are due to their large momentum 

relaxation time [48]. However the fabrication of long CNT bundles in horizontal 

direction is very challenging. For GNR, under high frequency targeted at inductor and 

interconnect applications, the anomalous skin effect, resistance and inductance saturation 

under high-frequency is investigated in [53] using the methodology based on Boltzmann 

equation. The result showed that because of the large mean free path (MFP) of GNR, 

ASE occurs because of MFP is comparable to the skin depth leading to the electric field 

varies within a MFP. The results imply the possibility of the applications of GNRs in 

interconnects and inductor under high frequency. 

One of the advantages of GNRs over CNTs is the planar structure of graphene 

and the controllable chirality, and that of CNTs is random. Graphene can be patterned 

horizontally using high resolution lithography. And besides the dangling bonds at the 

edges of GNRs which are normally hydrogen terminated and has no major impact on the 

band structure of GNRs [52] even the monolayer SWNT interconnects has relatively 

smaller resistances compared to GNRs for all widths [50]. 

In the equivalent circuit model [48], using SPICE simulations analyzing the 

performance of CNT and GNRs and compared with that of Cu wire (simulation 

parameters based on ITRS 2008 22 nm and 24 nm node technologies). It is shown that for 
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most cases, SWCNT, DWCNT and doped GNR interconnect performance is comparable 

with Cu and even slightly better in delay ratios at local level and most CNT interconnects 

will outperform Cu wire at the intermediate level.  Besides the electrical performance 

study of CNTs and graphene, the thermal part of GNRs and CNT also shows great 

advantage due to higher thermal conductivity than metals.  

For interconnect applications, Shao et .al  [39] reported experimentally the 

decreased resistance of the graphene interconnects with the increased temperature. The 

negative temperature coefficient was explained by the electron-hole pair’s thermal 

generation. Theoretical [50] study for graphene nanoribbons for proposal as interconnect 

showed the potential that the single-layer GNRs with linewidth (W) less than 8 nm 

resistance per unit length can be lower than copper wire with unity aspect ratio. 

Experimental investigation of resistivity of graphene nanoribbon(GNR) interconnects 

with linewidth range from 18 nm to 52 nm is about three times that of a Cu wire, the best 

GNR can achieve the comparable resistivity of Cu wire of the same width imply the 

GNRs’ potential to be used as interconnect instead of Cu [51].  

Fabrication and integration of interconnects will be the main issue for the 

application of CNT/GNR into integrated circuit design and VLSI technology since the 

technology is still immature. For CNTs, chemical vapor deposition (CVD) method is 

popularly used for growth of CNTs for interconnect applications. Most of the CNT 

interconnect fabrication work are focused on MWCNTs because of their metallic 

behavior. One of the challenging parts of the fabrication of CNTs as interconnects is the 
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low temperature requirement, the growth temperature of CNT interconnects need to be 

kept below 400oC since the CMOS back-end process requirement. For GNRs 

interconnect fabrication, the current existed ways including mechanical exfoliation from 

HOPG and CVD method. Mechanical exfoliated graphene exhibited high thermal and 

electrical properties and are single crystal graphene, but the drawback of this method is 

uncontrollable for large-scale fabrication. At the same time, CVD grown method can 

produce large area thin films but this approach need high temperature more than 400oC 

which challenges the suitable low backend temperature requirement in IC fabrication. 

Recently, it is demonstrated by Fujitsu the interconnect structure by combining CNTs and 

GNRs using CVD method [49].  However, there is more research and investigation needs 

to be done to bring GNRs and CNTs into industry application.  

 

2.3 SYNTHETIC CVD DIAMOND SUBSTRATES 

NCD, UNCD are studied as attractive materials for application in the micro scale 

microelectromechanical systems (MEMS) devices because of its high surface smoothness 

offered by the nanometer scale grain size, the diamond like mechanical and tri-biological 

properties, the thermal stability and the chemical inertness [54]. 

MCD, NCD and UNCD differentiate each other from growing process, 

thickness, grain size and grain boundary size. Chemical vapor deposition (CVD) is a 

widely used and well studied technology to grow MCD, NCD and UNCD; there are two 

main types of CVD methods. One type and the most prevalent is microwave plasma 
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chemical vapor deposition (MPCVD) and another is simper system called hot filament 

CVD (HFCVD) .The former one is widely used.  

 

2.3.1 SYTHETIC CVD DIAMOND SUBSTRATE GROWTH 

The diamond samples used in this research were grown in the Argonne national lab. 

Diamond, because of its extraordinary mechanical and thermal properties, it attract the 

significant research interest but also a candidate as a MEMS/NEMS structural material 

[55]. However because of the large grain size (1-5 µ m in diameter), high roughness 

around 10% of the film thickness, and high internal stress (a few gigapascals) of chemical 

vapor deposition conventional microcrystalline diamond it is challenging to fabricate 

devices on it. Recently nanocrystalline diamond (NCD) films (grain size about 50nm) 

and ultrananocrystalline diamond (UNCD) films (grain size below 10nm) have been 

extensive studied as the potential used as MEMS/NEMS material. UNCD [56] usually 

has phase pure diamond grains and sp3 fraction on grain boundaries. Overall sp3 bonding 

up to 95%-98%, the grain size of UNCD usually ranges from 2nm to 10nm and the 

surface is polished by chemical mechanical polishing (CMP) with smooth surfaces rms 

roughness 7 - 11 nm over a 10×10 µ m2 area. A hydrogen poor Ar/CH4 gas chemistry is 

used for diamond film synthesized.  

UNCD thin films were grown on ~1 µ m thick thermally grown SiO2 layer on 

silicon substrate. The substrates were mechanically polished with particle size around 



  
 

29 
 

10nm detonation synthesized diamond nanopowder and then ultrasonic agitation in a 

methanol solution containing additional diamond nanopowder [57]. Then UNCD films 

were grown on this seeded substrate in an IPLAS (Innovative Plasma Systems GmbH) 

CYRRANUS I 6 in. reactor. The deposition parameters were 49.2 SCCM Ar. 0.8 SCCM 

CH4, microwave power of 800 – 1200 W, chamber pressure of 150 mbar, substrate 

temperature of ~800oC, and growth time of ~4 hrs. After growth, wafers were sectioned 

into ~1 cm2 pieces for the subsequent experiments. In order to examine the underside of 

the UNCD film, some of the films were released from the substrates by immersed in a HF: 

HNO3 (1:3) acid bath, dissolving the Si/SiO2 substrate and resulting in freestanding 

UNCD membranes. Then these membranes were further cleaned by acetone, methanol 

and ethanol and the underside of the UNCD film bottom side up on a new clean Si 

substrate. X-ray absorption near edge structure (XANES) measurements were performed 

on the UNCD film and the data were acquired on beamline 8.0 which operates over the 

energy range from 65 to 1400 eV using a 5 cm period undulator and a sphericalgrating 

monochromator with three interchangeable gratings. The fractions of C atoms bonded in 

the sp2 configuration are determined by a peak fitting method [58]. 

UNCD films were grown using a microwave plasma-enhanced chemical vapor 

deposition (MPCVD) technique at deposition temperatures of 400 oC  and 800 oC .  For 

UNCD growth, a hydrogen poor gas mixture of 99% Ar and 1% CH4 was used to grow 

intrinsic material, with microwave power 1500W for UNCD and process pressure 150 

Torr.  And NCD growth was performed with conventional H2/CH4 plasma with methane 
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concentrations below 5% with microwave power 2500 W for NCD and process pressure 

30 Torr for NCD. 

The grain size and the growth mechanism of the diamond films depend strongly 

on the ratio of Ar to H2 in the reactant gases. Low concentrations of Ar in the reactant 

gases will lead to microcrystalline grain size and columnar growth. The transition from 

microcrystalline to nanocrystalline becomes pronounced at an Ar/H2 volume ratio of 4 

and totally transformed to nanocrystalline diamond at an Ar/H2 volume ratio of 9 [59] 

UNCD and NCD are two very different forms of diamond with unique 

properties and applications. NCD is polycrystalline diamond but with nanoscale grain 

size ranging from 10nm-500nm as demonstrated by Philip et .al  [60] and Sekaric et .al  

[61] the ultrananocrystalline diamond (UNCD) is a thin film form of diamond developed 

by the Argonne National laboratory researchers. The grains of UNCD are on average 3-

10 nm, constituting 10% of the UNCD for a grain size of 3 nm [62].   NCD is essentially 

related to the film thickness, obviously after a certain thickness, NCD becomes a 

conventional microcrystalline diamond, and its roughness is proportional to its thickness 

due to the conventional hydrogen rich gas phases. Whereas the surface roughness of 

UNCD is independent of film thickness due to the high renucleation rate by starving the 

plasma of hydrogen UNCD has higher sp2 content and without columnar structure, which 

is claimed in [63] the major difference between NCD and UNCD. 
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2.3.2 RAMAN SPECTROSCOPY OF SYNTETIC VD DIAMOND SUBSTRATES 

 Raman spectroscopy has already been proven to be a valuable tool for the 

characterization of various carbon phases since Raman scattering is sensitive to sp2 /sp3 

bonded carbon [64, 65].  

Visible Raman spectroscopy is 50-230 times, more sensitive to sp2 sites, as 

visible photons preferentially excite their π  states, UV Raman spectroscopy ,with its 

higher photon energy of 5.1 eV ,excites both π   and the σ  states and so is able to probe 

both the sp2 and sp3 sites  allowing a direct probe of the sp3 bonding [66]. UNCD consists 

of 95% percent sp3 bonded carbon. Therefore to get complete bonding information of 

these films, it is worthwhile to acquire both visible and ultraviolet Raman spectra. Grain 

boundaries, defects, impurities, sp2 to sp3 bonded carbon ratio affect the NCD thin film 

electronic transport properties. 

Because Raman spectroscopy is able to differentiate between the different 

forms of carbon present in NCD diamond films such as sp2 bonded carbon, diamond, 

amorphous carbon,  and NCD carbon, it is a commonly method for characterizing such 

films [68]. The ratio of the amount of sp2 bonded carbon to sp3 bonded carbon estimated 

from its Raman spectrum can give insight into the quality of a diamond thin film. 

 The Raman spectra of all carbons show several common features in the 800-

2000 cm-1 region. For MCD there is one strong and narrow first order peak at about 1332 

cm-1 due to the presence of a microcrystalline diamond phase. And for NCD and UNCD, 

there are two main peaks at 1330 cm-1 and 1560 cm-1 with shoulder at around 1150 cm-1 
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and 1450 cm-1.  The 1330 cm-1 either due to the significantly broadened by the effect of 

the small grain size in nanocrystalline diamond, specifically in ultrananocrystalline 

diamond (UNCD) [69, 70, and 71] or due to the D  band scattering observed in disorder 

sp2 bonded carbon [71, 72, and 73]. The G  band at 1560 cm-1 is due to the bond 

stretching of all pairs of sp2 atoms in both rings and chains at the grain boundaries. The 

D
 
peak is due to the breathing modes of sp2 atoms in rings.  The development of the 

graphite band is due to increasing π  bonded carbon at the grain boundaries in the 

nanocrystalline films [74, 75] the grain boundaries consist of carbon atoms with a sp2 

electron configuration. The origin of 1120 cm-1 and 1450 cm-1 band is under debate. A lot 

of researchers try to explain the origin of peak range from 1120-1150 cm-1 observed in 

NCD and UNCD. It is widely believed that 1120 cm-1 originated from the presence of 

confined phonon modes in diamond [76, 77] as the crystalline size is reduced,  the 

selection rules governing Raman scattering , that only phonons from the center of the first 

Brillouin zone can contribute to Raman scattering break down.  Recently, Ferrari 

demonstrate that these peaks are both dispersive and reduced in intensity with increasing 

excitation energy, which strongly suggests that these features may have their origin in sp2 

bonded carbon [78]. More and more evidence has prove that the peak at 1120 cm-1 and 

1450 cm-1 has the same origin and are speculatively due to carbon-hydrogen bonds in the 

grain boundaries, or contamination in the grain boundaries by trans-polyacetylene [78, 

79].    

Undoped UNCD is conductive and it depends on deposition temperature and 

chemical structure. Experimental data show that the samples deposited at 800 oC  are 
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several orders of magnitude more conductive than 400 oC  samples. The sp2 bonded 

carbon within the CVD diamond films can be thought of as a conduction promoter, 

particularly if the sp2 forms interconnected networks of π bonds along which electrons 

are free to move. Both the P-F models showed that the conduction is directly correlated 

with the sp2 bond density and the ratio of hydrocarbon bonds over sp2 bonded carbon in 

the conduction path at the grain boundary [80].  

Using MPCVD, by adding nitrogen to the gas phase, the density of states 

within the band gap increases and ultimately metallic conductivity can be achieved .this 

conductivity is n type but not doping The addition of nitrogen into the gas phase 

increases the size of these grain boundaries Which are thought to be the origin of the n 

type conductivity [81]. Raman spectra of UNCD thin film doped with varying 

percentages of nitrogen reveal that the percentage of nitrogen increases, the D  band peak 

at 1340 cm-1 increases while the G band at 1556 cm-1 decreases. Additionally, Karabutov 

et .al  [82] found that N doping results in improved field emission they found that the 

films grown at higher temperatures regardless of whether or not N doping, showed better 

field emission properties. Table 2.2 lists the properties of polycrystalline diamond.  
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Table 2.2   Polycrystalline diamond properties* 

Film Type  MCD NCD UNCD 

Grain size  > 1 mm  10 - 1000 nm < 10 nm  

Surface 

Roughness  

10-25% of 

thickness  

Typically < 100 

nm  
Typically < 20 nm  

Relative Hardness  100% 95% 90% 

Friction 

Coefficient  

High unless 

polished  

Moderate – may 

require polishing  

Low but ambient 

dependant  

Transparency Medium to High  Low Very Low 

Thermal 

Conductivity  
Medium to High  Low Very Low  

Process Window  Broad Narrow  Very Narrow  

1330 Raman Peak  Visible Very Low  Not Visible  

*The data in the table 2.2 is after Refs [20-22]. 
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Chapter 3     

Experimental Methodology    
 

3.1 MATERIALS PREPARATION AND CHARACTERIZATION 

 Raman Spectroscopy Instrumentation 

Raman microscopy was developed in the 1970s.  In 1975, Delhaye [1] made the first 

micro Raman measurement.  Simultaneously, Rosasco designed a Raman microprobe 

instrument at the National Bureau of Standards (now the NIST).  Raman scattering is a 

very weak effect that can provide a large amount of information about a sample.  These 

properties define the special requirements of Raman instrumentation.  A Raman 

instrument needs to detect as many Raman photons from the sample as possible.  Other 

sources of light can easily overwhelm the weak Raman signal, so they must be excluded 

from the measurement.  Desirable characteristics for any analytical instrument include 

rapid data acquisition, calibration accuracy and stability, flexibility, and ease of use.  A 

Raman system is an integrated package which generally includes the sample interface, 

the Raman instrument, a computer and software.  The Raman instrument consists of a 

spectrograph with three major components: excitation source, light detector, and a light 

collection and delivery system. 

The major determinant of the information content of a Raman spectral 

measurement is the laser excitation frequency.  The operating mode determines the 

excitation photon flux as well as its temporal characteristics.  Preferably, use of as bright 

an excitation source possible is better as Raman measurements are photon limited.  In 
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reality, however, the incident laser power must be constrained such that the focused 

energy density is below the level that causes sample photochemical or thermal 

degradation and below the level that cause nonlinear optical phenomena.  Raman 

spectroscopy’s average power from the excitation source can range from about 3-10 mW. 

In selecting an appropriate laser wavelength for non-resonance Raman spectroscopy work, 

one important criterion is that there are no absorption bands for the sample.  

The availability of holographic notch filters and dielectric filters for Rayleigh 

rejection has allowed the development of simple dispersive and non-dispersive 

multichannel Raman spectrometers that utilize CCD detectors.  The non-dispersive 

Raman spectrometers separate the Raman scattered light into its component frequencies 

through electronically or mechanically tunable bandpass filters [2].  The axial resolution 

(Raxial) is determined by the microscope’s depth of field and Raxial can be 

approximated by the equation below when the sample is measured in air [3].  

 

3.2 THERMAL CONDUCTIVITY MEASUREMENTS OF THIN FILMS  

Transient Plane Source Hot Disk System Instrumentation 

Hot Disk is designed to non-destructively measure thermal conductivity, thermal 

diffusivity and the specific heat of solid and fluid materials.  Hot Disk is a transient 

technique for thermal transport studies of solid materials which was first proposed by 

Gustaffson [4].  For different materials, the thermal transport properties of solids vary 

extensively depending on the structure, pressure, temperature, and density.  The main 

motivations for the development of the TPS techniques are 1) to include large ranges of 
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the transport properties and 2) to apply the same technique to a large variety of materials 

[5]. The Hot Disk Thermal Constants Analyzer can be used for measuring various 

thermal transport properties of a large variety of materials.  Thermal conductivities 

measured by Hot Disk ranges from 0.005 W/mK to 500 W/mK.  The main advantages of 

the system are the flexible sample size and shape, the accuracy of this absolute method, 

and the rapid testing [4-5]. 

The hot disk method involves a sensor that is sandwiched between two thin 

samples of equal thickness with the sensor working as both a temperature sensor and a 

heat source.  The theoretical time dependence of the temperature increase is shown by 

solving the thermal conductivity equation; the temperature versus time graph becomes a 

straight line [6] if the transient recording is extended for a longer period for a one-

dimensional sample.  Such experimental conditions give values of specific heat capacity.  

 

3.3 GRAPHENE DEVICES FABRICATION PROCESS 

Graphene properties can be influenced by its underlying substrate, because of the 

interface between graphene and substrate, graphene's π  orbitals perpendicular to the 

graphene surface, and charge defects and phonons of the substrate.  The defect density is 

on the level of ~1× 1013 cm-2 [7].  Suspended graphene has been reported with the highest 

mobility [8].  In addition, the substrate surface may not be smooth; mica has been 

reported to be the smoothest substrate [9].  SiO2 is the most popularly used substrate with 

a relatively smooth surface.  The roughness of the surface will increase the scattering of 
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the electrons in a graphene layer and limit graphene properties, including thermal 

conductivity and carrier mobility. 

 

Wafer Preparation and Back Gate Fabrication 

The device fabrication and characterization can be started on any kind of substrate.  

Described herein is the general device fabrication procedure on 300 nm thermally grown 

SiO2 on p-type doped silicon wafer.  The reason behind using a wafer with 300 nm of  

SiO2 is for a high enough optical contrast to graphene which allows graphene to be 

detected using an optical microscope.  The p-doped substrate allows for a back gate 

without much voltage drop.  The first step in device fabrication starts with wafer cleaning 

using acetone followed by patterning of small crossbars land marks on SiO2 .  Patterning 

is achieved with electron beam lithography and metal evaporation to coat 100 nm Au.  

The purpose of the crossbar land marks is to give some reference point for the random 

location of graphene flakes and to simplify the effort of identifying the flake under an 

optical microscope or a scanning electron microscope for a relatively large wafer.  

The steps to fabricate landmarks are 1) spin coat the Shipley photo resist 1813 

at 3000 rpm for 40 seconds to a thickness of ~1.5 µ m, 2) bake the wafer with photoresist 

on a hotplate at 110 oC for 5 minutes, 3) define marks using a Karl Suss mask aligner 

where the wafer is exposed to g-line light for 11 sec, and 4) after this exposure, the wafer 

is dipped into developer AK 400 K for 40-45 seconds to wash away the photo resist on 

the exposed region.  This opening creates a windowed pattern for metal or other thin film 

to be deposited.  For thin film deposition the electron beam evaporator is used where the 
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wafer is bombarded by evaporated metal at a low pressure of 10-6 Torr.  The procedure 

for electron beam evaporator is to first position the developed wafer to the plate and put 

into E-beam evaporator chamber.  The chamber is then pumped down to a low pressure 

of 10-6 Torr, which takes 30-45 minutes.  In manual or automatic mode, titanium or 

chromium is deposited to a thickness of about 10 nm on the wafer followed by Au to a 

thickness of about 50 to 100 nm.  Titanium functions as an adhesion layer to silicon 

dioxide.  The function of Au is to create good electrical conduction in addition to making 

these features easier to find under SEM.  Once deposition is complete, the wafer is taken 

out after the chamber cools to room temperature and the wafer is dipped into acetone 

solution either at room temperature or heated to 80oC for faster removal of photoresist. 

The metal is lifted off after 1 hour.  After the lift off process, metal remains only where 

photoresist has been exposed and developed.  

For making back gate, it starts with coating the front side of the wafer with 

photoresist to protect the etching of SiO2 from HF and then dipping the whole wafer into 

buffered oxide etch (BOE) solution (6:1::NH4OH:HF) for about 10 minutes.  This 

removes the thin SiO2 on the back side of the wafer.  Then, the wafer is placed in the 

evaporator chamber again to make the back gate contact by evaporating Ti/Au on the 

wafer.  This allows for this side of the wafer to serve as the global back gate.    

 

Graphene Preparation and Transfer on SiO2 Substrates 

After the back gate and crossbar land marks have been completed, the wafer surface is 

ready for graphene fabrication or any other thin film material fabrication.  There are 
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several ways to fabricate graphene flakes on a wafer.  Mechanical exfoliation [9] using 

scotch tape was first developed by the researchers from Manchester University [9].  

Mechanical exfoliation can produce the best quality of graphene flake, but the shape and 

location of graphene flakes cannot be controlled.   Another way of fabricating graphene is 

by epitaxial growth on silicon carbide (SiC) substrate [10] or CVD growth on Ni 

substrate and then etching the substrate and transfer graphene flake to the target 

substrate- 300 nm SiO2.  

The graphene flakes used in this dissertation are obtained by mechanical 

exfoliation.  Mechanical exfoliation started with HOPG (highly orientated pyrolytic 

graphite).  Before exfoliation, it is important to clean the sample with acetone, isopropyl 

alcohol (IPA) and DI water to remove any debris, organic particles or residues.  Wafer 

cleanliness ensures a good quality graphene flakes.  Nitrogen gas is used to blow on the 

surface of the wafer to dry it.  Exfoliation begins by attaching an HOPG flake to the 

adhesive side of the scotch tape and peeling the tape gently to cleave the graphite from 

the whole HOPG.  Scotch tape is folded several times until the graphite flakes are spread 

evenly over a large area on the scotch tape.  The SiO2 surface is then applied to the tape 

which is rubbed gently to transfer graphene flakes. 

The graphene layer will be peeled off and attached to the surface of SiO2 due to 

van der Walls force during rubbing.  Afterwards, the wafer will be put into the acetone to 

remove glue residue than came from the scotch tape.  Graphene can be found under 

optical microscope; it is easy to detect a variable number of graphene on the 300nm SiO2 

because this thickness gives the best optical contrast [11].  See the following image of 
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typical optical images of single, bi-layer and multi layer graphene.  Raman spectroscopy 

is used for the identification of single, bilayer and multilayer graphene discussed in 

Chapter 1.  

 

          

 

 

Graphene Device Fabrication Process 

After picking the right flake for device fabrication and the number of layers of graphene 

is confirmed by Raman spectroscopy and AFM, one can start fabricating devices.  As 

graphene has the size between 5 µ m to 30 µ m and the single and uniform layer of 

graphene usually relatively small, Electron Beam Lithography (EBL) and Focus Ion 

Beam (FIB) Lithography are better choices for device fabrication.   

Figure 3.1: Schematic of mechanical exfoliation graphene fabrication process. 
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Electron Beam Lithography is a specialized technique for creating the 

extremely fine patterns required by the modern electronics industry for integrated circuits. 

It is one of the ways to beat the diffraction limit of light and make features in the 

Figure 3.2:  (a) Optical image of single layer and trilayer graphene on SiO2. (b) SEM 
image of single layer and trilayer graphene on SiO2. 

Figure 3.3:  (a) Optical image of crossbar landmark on SiO2. (b) Optical image of 
small landmark for identification for graphene on SiO2. 
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nanometer regime. This form of maskless lithography has found wide usage in photo 

mask making used in photolithography, low-volume production of semiconductor 

components, and research and development.  EBL offers higher patterning resolution 

than optical lithography because of the shorter wavelength possessed by the 10-50 keV 

electrons that it employs. 

A typical EBL system consists of the following parts: 1) an electron gun or 

electron source that supplied the electrons; 2) an electron column using lenses and 

electrodes to shape and focuses the electron beam; 3) a mechanical stage that positions 

the wafer under the electron beam; and 5) a computer system that controls the equipment.   

 

 

Liquid resist, Polymethyl methacrylate (PMMA) is a standard positive e-beam 

resist; It is dropped onto the substrate, which is then spun at 1000 to 6000 rpm to form a 

coating.  After baking out the casting solvent on the chip at 180oC for 10 minutes on a 

Figure 3.4:  Schematic of a typical top gate graphene device fabrication process. 
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hotplate for MMA and 15 minutes for PMMA, electron exposure modified the resist, 

making the exposed area soluble in the developer solution.  After development, electron 

beam evaporator is used to deposit a layer of metal as pattern on the sample surface. Then 

lift-off is followed to remove the unexposed PMMA together with metal on it and leave 

the designed metal pattern.  For the fabrication of a graphene device and because the 

feature size of graphene is very small, landmarks are needed to help find graphene.  

Relative position of graphene to the marks could be measured from SEM images. 

According to these reference marks, accurate position of graphene could be obtained.  

After lithography, MIBK: IPA 1:3 is used as the developer for a 65 second soak.  Then, 

electron beam evaporator is followed to deposit 20 nm of Titanium and then 100 nm of 

gold.  The final procedure is lift-off in acetone. These steps may need to be repeated 

several times, in order to zoom in for more exact identification of graphene flakes for 

accurate nano-size to micro-size pattern.  A small marker needs to be defined around the 

selected flake, typically I will use PMMA/MMA bilayer of resist, the reason for that is 

PMMA (polymethylmethacrylate) and MMA (methyl methacrylate) are positive resist 

consisting of long polymer chain of carbon atoms which are available in various 

molecular weights, using bilayer structure of MMA/PMMA help metal 

contacts/electrodes lift off easily cause an undercut resist profile is need to lift-off to 

avoid coating the sidewall when metal is evaporated.  PMMA/MMA bilayer resists yields 

a better undercut profile than PMMA/PMMA double layer resist.  These general steps 

can be used to make markers around the selected graphene flake first and these markers 

as figure xx will be served for alignment for either pattern for gate dielectric/metal 
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electrode or dry/chemical etching for graphene flakes. I use 30 keV energetic electron 

beam with current 90 µ A, area dose 500 for pattern the electrodes pattern and current 

4100 area dose 400 for pattern the contact pads in electron beam lithography. Then the 

sample are developed in MIBK:IPA=3:1 for 60 seconds and 30 seconds dip in IPA and 

30 seconds dip in DI water then the sample is dried in nitrogen blower. For electrode 

contact, Ti/Au 10 nm/100 nm were deposited at the base pressure ~10-6  Torr. Before 

deposit on sample, the evaporator need to run a few minutes to evaporate the oxidation 

metal away to make sure the quality of metal evaporated on the sample. The deposition 

rate is maintained at the rate about 0.5 nm per second.  

 

 

 

For top gate devices dielectric we defined the top-gate region using EBL 

(NPGS controlled Leo 1550) the method we described before and performed ALD 

(Cambridge Nanotech) of 20-nm thick HfO2 at T=110°C.  The lift-off of ALD is done in 

hot acetone (T=60°C) for ~2 hours.  The direct deposition of ALD will affect the 

Figure 3.5:  Images of ALD grow of the top gate dielectric for graphene FET fabrication. 
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structure of graphene and result in the reduction of the carrier mobility so we usually 

deposit a thin film of Aluminum and then put in the ambient air for Al to oxide and form 

a natural Al2O3 oxide.  We often observed oxide leftovers at the edges of the defined 

regions, which can lead to discontinuities in the following metal layer.  To avoid this 

problem, we designed Al2O3/ HfO2-layer insert under the entire region of gate electrode 

and pad.  Suspended graphene and regular shape graphene can be defined by EBL and 

then cut by RIE (reactive ion etching). 

 

 
Figure 3.6: (a) Schematic of the top gate graphene duel gate devices.  (b) 
Optical image of the graphene top gate devices.  
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3.4 ELECTRIC CIRCUIT AND EXPERIMENTAL SETUP 

Electrical measurements are performed using a two probe technique to measure I-V 

characteristics using an Agilent B1500A analyzer and a micromanipulator probing station. 

The probes that made contact to the electrodes were made of tungsten metal with a tip 

radius of 0.5 mµ . 

 

 

 

 

Figure 3.7: Equipment used in the experiments from top left:  Horriba Raman 
Spectrometer, E-beam evaporator, wire bonding machine, Electron beam lithography 
system, probe station. 

Figure 3.8: Schematic of the bias used to test the top gate graphene devices. 
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Chapter 4     

Graphene-on-Diamond Devices with 
Increased Current-Carrying Capacity          
 
4.1 MOTIVATIONS 

Graphene devices are commonly fabricated on Si/SiO2 substrates with the SiO2 thickness 

of H≈300 nm [1-3]. Owing to optical interference, graphene becomes visible on Si/SiO2 

(300-nm) substrates, which facilitates its identification. Graphene reveals excellent heat 

conduction properties with the intrinsic thermal conductivity, K, exceeding 2000 W/mK 

at room temperature (RT) [4-5]. However, in typical device structures, e.g., FETs or 

interconnects, most of heat propagates directly below the graphene channel in the 

direction of the heat sink, i.e. bottom of Si wafer [6-7]. For this reason, the highly 

thermally resistive SiO2 layers act as the thermal bottleneck, not allowing one to 

capitalize on graphene’s excellent intrinsic properties.  

 

 

 

*Part of this chapter has been excerpted from Jie Yu, Guanxiong Liu, Anirudha V. Sumant, 
Vivek Goyal, and Alexander A. Balandin, "Graphene-on-Diamond Devices with Increased 
Current-Carrying Capacity: Carbon sp2-on-sp3 Technology,"Nano Lett., 2012, 12 (3), pp 1603–
1608.Copyright © 2012 American Chemical Society 
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Theory suggests that the breakdown mechanism in sp2-bonded graphene should 

be similar to that in sp2-bonded CNTs. Unlike in metals, the breakdown in CNTs was 

attributed to the resistive heating or local oxidation, assisted by defects [8-11]. Thermal 

conductivity of SiO2  K = 0.5 – 1.4 W/mK at RT [12], is more than 1000 times smaller 

than that of Si, K=145 W/mK, which suggests that the use of materials with higher K, 

directly below graphene, can improve graphene’s JBR, and reach the maximum values 

observed for CNTs. 

Synthetic diamond is a natural candidate for the use as a bottom dielectric in 

graphene devices, which can perform a function of heat spreader. Recent years witness a 

major progress in CVD diamond growth performed at low temperature, T, compatible 

with Si complementary metal-oxide-semiconductor (CMOS) technology [13-15]. There 

Figure 4.1: Heat dissipation in graphene on SiO2 and diamond devices 
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are other potential benefits of diamond layers utilized instead of SiO2 in the substrates for 

graphene devices. The energy of the optical phonons in diamond, Ep = 165 meV, is much 

larger than that in SiO2, Ep = 59 meV. The latter can improve the saturation velocity in 

graphene when it is limited by the surface electron – phonon scattering [16]. The lower 

trap density achievable in diamond, compared to SiO2, indicates a possibility of reduction 

of the 1/f noise in graphene-on-diamond devices [17], which is essential for applications 

in r.f. transistors and interconnects.  

Recently, it was demonstrated that replacing SiO2 with diamond-like carbon 

(DLC) helps one to substantially improve the r.f. characteristics of the graphene 

transistors [18]. However, DLC is an amorphous material with K = 0.2 – 3.5 W/mK at 

RT [19], which is a very low value even compared to SiO2.  Depending on H content, as-

deposited DLC films have high internal stress, which needs to be released by annealing at 

higher T~600 oC [20]. These facts provide strong motivations for the search of other 

carbon materials, which can be used as substrates for graphene devices.    

Synthetic diamond can be grown in a variety of forms from UNCD films with the 

small grain size, D, and, correspondingly low K, to SCD, with the highest K among all 

bulk solids. Microcrystalline diamond (MCD) has larger D than that of UNCD but suffers 

from unacceptable surface roughness, δH, and high thermal boundary resistance, RB [5]. 

Up to date, despite attempts in many groups to fabricate graphene devices on diamond 

with acceptable characteristics, no breakthrough was reported. The major stumbling 

blocks for development of viable graphene-on-diamond sp2-on-sp3 technology are high 
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H of synthetic diamond, difficulty of visualization of graphene on diamond and 

problems with the top-gate fabrication – no bottom gates are possible on SCD substrates. 

Here, we used the most recent advances in CVD diamond growth and polishing as well as 

our experience of graphene device fabrication to prepare a large number of test-structures, 

and study the current-carrying and thermal characteristics of graphene-on-diamond 

devices in the practically relevant ambient conditions. We considered two main forms of 

diamond – UNCD and SCD – which represent two extreme cases, in terms of D and K.  

 

4.2 CHARACTERIZATIONS OF GRAPHENE ON DIAMOND STRUCTURES 

4.2.1 SYNTHETIC DIAMOND GROWTH AND CHARACTERIZATION 

The UNCD films for this study were grown on Si substrates in the microwave plasma 

chemical vapor deposition (MPCVD) system at the Argonne National Laboratory (ANL). 

Figure 4.2 a-b shows the MPCVD system used for the growth inside a cleanroom and 

schematic of the process, respectively. The growth conditions were altered to obtain 

larger D, in the range 5-10 nm, instead of typical grain sizes D ≈ 2-5 nm in UNCDs. This 

was done to increase K of UNCD without strongly increasing the surface roughness. We 

intentionally did not increase D beyond 10 nm or used MCD in order to keep δH in the 

range suitable for polishing. The inset shows a 100-mm UNCD/Si wafer. Details of the 

original growth process developed at ANL are given here: 
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Figure 4.2: (a) Large-area MPCVD system used for the synthetic diamond growth.The 
inset shows a 100mm Si/UNCD wafter. (b) Schematics describing the UNCD growth in 
the MPCVD system. Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) 
Copyright © 2012 American Chemical Society. 

 

The high-quality UNCD thin films were grown on 100-mm diameter Si substrates 

in 915 MHz large-area microwave plasma chemical vapor deposition (MPCVD) system 

(DiamoTek 1800 series 915 MHz, 10 KW from Lambda Technologies Inc.) operating in 

the clean room of the Center for Nanoscale Materials at Argonne National Laboratory 

(ANL). Prior to the growth, silicon substrate were deposited with 10 nm tungsten layer 

using sputter deposition process followed by nanodiamond seeding treatment using the 

commercially available nanodiamond containing solution (ITC, Raleigh, NC). This is 

part of a standard process that we have developed for the growth of ultananocrystalline 

diamond film on a given substrate. More details about the MPCVD system and seeding 

process for the UNCD growth are described elsewhere [21].  
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The films were deposited using Ar/CH4/H2 gas chemistry with the flow rates of 

400/1.2/8 sccm respectively at the substrate temperature of 650 oC. The incorporation of 

hydrogen into Ar/CH4 gas mixture along with a lower substrate temperature was 

intentional as compared to the conventional UNCD growth typically carried out with 

Ar/CH4 growth chemistry at T~800 oC. It is known that addition of hydrogen reduces the 

renucleation rate resulting in increased grain size of UNCD [22]. Lower substrate 

temperature (with added hydrogen) also helps in reducing the regacification rate of 

atomic hydrogen near the substrate surface (boundary layer) leading to lower population 

of C2 radicals and, therefore, a reduction in the renucleation rate, which allowed us to 

obtain larger grain size D in the range 5 – 10 nm instead of the typical grain sizes D = 2 – 

5 nm in UNCDs. This was done to increase the thermal conductivity K of UNCD without 

noticeably increasing the surface roughness. 

The microwave power and chamber pressure during the growth were 2100 W and 

120 mbar respectively. The total thickness of the UNCD film was about ~1 µm as 

measured by the film-matrix based on interferrometric technique. Since the surface 

roughness of a diamond substrate plays an important role in reducing scattering related 

losses at the graphene/diamond interface, we have carried out chemical mechanical 

polishing (CMP) of the as grown UNCD wafer to reduce the as grown surface roughness 

from 4-7 nm down to below ~ 1 nm. The CMP process was carried out at Sinmat Inc. FL. 

The UNCD wafer was characterized before and after CMP process by using Raman 

spectroscopy to make sure that there is no change in the inherent Raman signature. The 

total thickness of the UNCD film was reduced to ~720 nm after CMP, process since CMP 
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process consumes some of the diamond layer in the polishing process. The AFM was 

carried out before and after CMP to make sure that the average surface roughness was 

indeed reduced to below ~ 1 nm.  

The single crystal diamonds used for this study were type IIb with (100) 

orientation (Delaware Diamond Knives, Wilmington, DE). They were CVD grown 

epitaxially on a seed diamond crystal and then laser cut from the seed crystal and 

polished from both sides down to ~ 3-nm RMS roughness. Prior to their use for our study, 

they were acid washed and solvent cleaned and then went through hydrogen termination 

process that we have developed at ANL using a microwave plasma system. Hydrogen 

plasma treatment was carried out at the substrate temperature of 700 oC using H2 flow of 

50 sccm and chamber pressure of 30 mbar for 10-15 mins. This process eliminates any 

hydrocarbon and oxygenated impurities from the diamond surface and produces clean H-

terminated diamond surface as evidence by extensive surface characterization studies 

carried out by one of the author (AVS) in the past [23-25].  

Figure 4.2 (a-b) shows the photograph and schematics of large area 915 MHz 

microwave plasma chemical vapor deposition system, respectively, used for the synthesis 

of UNCD thin films for the present studies. The schematics in Figure 4.2 (b) describes 

the UNCD growth process, in which a gas mixture of Ar/CH4/H2 with appropriate ratio is 

introduced into the growth chamber through a mass flow meter and an oval shaped green 

color plasma ball (characteristics of C2 species ) is produced inside the quartz bell jar (not 

shown in the schematic) near the substrate surface when an microwave (frequency: 915 
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MHz, Power: 2-3 KW) is lunched through a microwave antenna located on the top of the 

growth chamber. The substrate heater is equipped with two-zone heater to compensate 

for the plasma ball shape to provide uniform temperature gradient across the substrate 

surface during the growth of diamond films.   

The as grown RMS roughness of the UNCD thin film was in the range of 4-7 nm 

as measured by the atomic force microscopy (AFM) and therefore we have used chemical 

mechanical polishing to reduce the surface roughness of UNCD down to below ~1 nm. 

Figure 4.3 (a-b) shows the AFM images of the as grown and CMP polished UNCD, 

respectively. From these images, it is clear that CMP works effectively in reducing the 

nanoscale asperities and providing a smooth flat surface essential for fabricating the high-

quality graphene devices on UNCD.  

The as-grown UNCD films were further analyzed by synchrotron based near-edge 

x-ray absorption fine structure spectroscopy (NEXAFS) to better understand the sp2/sp3 

ratio quantitatively on the surface since Raman spectroscopy alone cannot provide 

quantitative analysis of the carbon bonding configuration in UNCD due to the small grain 

size and different scattering cross-section for the sp2 and sp3 bonded carbon [24]. The 

spectra were taken by tuning the photon energy at C 1s. 
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Figure 4.3: AFM image of UNCD before (a) and after (b) chemical-mechanical polishing. 
Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 
American Chemical Society. 

Figure 4.4: Representative NEXAFS data for UNCD/Si substrates. Reprinted with permission 
from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 American Chemical Society. 
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absorption edge in the range of 280 - 320 eV. The spectrum clearly resolves the diamond 

exciton peak at ~289.3 eV due to the C 1s→ σ* resonance from sp3 bonded carbon. The 

small peak at 285 eV due to the 1s→ π* resonance is from sp2-bonded carbon present at 

the grain boundary. The sp2 fraction is calculated to be 2%, which is slightly lower than 

the 5% sp2 content identified in previous NEXAFS studies [26] due to the slightly larger 

grain size (D~5-10 nm) and hence less volume fraction of the grain boundaries of UNCD 

in   the present case  

In summary, the surface roughness of the synthetic diamond substrate plays an 

important role in reducing electron scattering at the graphene – diamond interface and 

increasing the electron mobility, µ. We performed the chemical mechanical polishing 

(CMP) to reduce the as-grown surface roughness from δH ≈ 4-7 nm to below δH≈1 nm, 

which resulted in a corresponding reduction of the thickness, H, from the as-grown H ≈ 1 

µm to ~700 nm. The H value was selected keeping in mind conditions for graphene 

visualization on UNCD together with the thermal management requirements. The UNCD 

substrates were type IIb (100) grown epitaxially on a seed diamond crystal and then laser 

cut from the seed. For graphene devices fabrication, the SCD substrates were acid 

washed, solvent cleaned and put through the hydrogen termination process [27]. The 

near-edge x-ray absorption fine-structure spectrum (NEXAFS) of the grown UNCD film 

confirms its high sp3 content and quality (Figure 4.4). The strong reduction of δH is 

evident from the atomic force microscopy (AFM) images of the as-grown UNCD and 

UNCD after CMP presented in Figure 4.3, respectively. 



  
 

65 
 

4.2.2 PROCEDURES FOR GRAPHENE VISUALIZATION ON UNCD 

Fabrication of graphene devices used in our experimental studies relies on the fact that 

graphene can be visualized using optical microscopy if prepared on top of UNCD/Si 

wafers with a certain thickness of UNCD. Before the diamond growth and graphene 

device fabrication we estimated an approximate thickness of UNCD required to make 

graphene visible using Fresnel's law. The results were checked experimentally. Let us 

consider the case of normal light incidence from air (refractive index n0 = 1) on a tri-layer 

structure consisting of graphene, diamond, and Si as shown in Figure 4.5. The visibility 

of graphene on different types of substrates originates from both the relative phase shift 

and amplitude modification induced by the graphene layer. The complex refractive 

indices of silicon and diamond used in the calculations were adopted from literature [28]. 

The Si substrate was considered semi-infinite and the refractive indices of Si, n3, were 

assumed to be wavelength dependent. The refractive index of graphene is assumed to be 

independent of λ [29]: nG(λ)=2.6-1.3i 

We performed our calculations of the contrast spectra using the method reported in 

Ref. [29]:  

 

without_graphene With_graphene

Without_graphene

R (λ)-R (λ)
C=

R (λ)                                                                            (4.1) 

Here Rwithout_graphene( ) is the reflection spectrum from the diamond substrate and 

Rwith_graphene( ) is the reflection spectrum from graphene sheet.   
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1 2 1 2 1 2 1 2i(β+β) -i(β-β) -i(β+β) i(β-β)
a 1 2 3 1 2 3r =(r e +r e +r e +r r r e )                                                                        (4.3) 

1 2 1 2 1 2 1 2i(β+β) -i(β-β) -i(β+β) i(β-β)
b 1 2 1 3 2 3r =(e +r r e +r r e +r r e )                                                                        (4.4) 

where r1=(n0-n1)/(n0+n1), r2=(n1-n2)/(n1+n2) and r3=(n2-n3)/(n2+n3) are the reflection 

coefficients for different interfaces and β1 = 2πn1(d1/λ) , β2 = 2πn2(d2/λ)  are the 

phase differences when light passes through the media, which are determined by the path 

difference of the two neighboring interfering light beams. 

The simulations were carried out using MATLAB. The incident wave was assumed 

to be perpendicular to the plane of the multiple layers. This is a reasonable assumption 

because the total thickness of graphene/diamond is much smaller than the depth of focus 

Figure 4.5: Schematic of graphene layer on diamond/Si substrate used in our analysis. 
Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 
American Chemical Society. 
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of the objective lens used in most experiments (0.9-1.8 µm for λ = 0.4− 0.8 µm and the 

numerical aperture of 0.95) within the depth of focus. For this reason the wave front of 

the focused light is almost flat. Figure 4.6 shows the calculated color plot for the 

expected contrast as a function of the diamond thickness and wavelength with the 

diamond thickness ranging from 0 to 800 nm and the wavelength ranging from 400 nm to 

700 nm. One can see from Figure 4.6 that graphene on diamond/Si exhibits a negative 

contrast, i.e., graphene on diamond/Si appears brighter than the substrate. Fixing the 

wavelength at 555 nm (the most sensitive wavelength to human eye) one gets the 

thickness of UNCD with the highest contrast to be around 650 nm (see Fig 4.7).  

The described method was used to select the thickness of UNCD layers for 

fabrication of graphene-on-diamond devices. The chosen thicknesses of UNCD layers 

were also sufficient for heat spreading and improved thermal management of graphene-

on-UNCD/Si.  
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Figure 4.6:  (a) Color plot of the contrast as a function of wavelength and diamond 
thickness. The color scale on the right shows the expected contrast (b) Contrast as a 
function of the diamond thickness at fixed wavelength. Reprinted with permission from Jie 
Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 American Chemical Society. 
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4.2.3 RAMAN SPECTROSCOPY OF GRAPHENE ON DIAMOND 

The graphene and few-layer graphene (FLG) were prepared by exfoliation from the bulk 

highly oriented pyrolytic graphite to ensure the highest quality and uniformity. We 

selected flakes of the rectangular-ribbon shape with the width W ≥ 1 µm, which is larger 

than the phonon mean free path Λ ~750 nm in graphene [5]. The condition W >Λ ensured 

that K does not undergo additional degradation due to the phonon-edge scattering, 

allowing us to study the breakdown limit of graphene itself. The length, L, of graphene 

ribbons was in the range 10-60 µm. We further chose ribbons with the small aspect ratio 

γ=W/L ~ 0.03-0.1 to imitate interconnects. Raman spectroscopy was used for determining 

the number of atomic planes, n, in FLG although the presence of sp2 carbon at the grain 

boundaries in UNCD made the spectrum analysis more difficult. Figure 4.7 shows spectra 

of the graphene-on-UNCD/Si and UNCD/Si substrate. One can see 1332 cm−1 peak, 

which corresponds to the optical vibrations in the diamond crystal structure. The peak is 

broadened due to the small D in UNCD. The bands at ~ 1170, 1500 and 1460 cm−1 are 

associated with the presence of sp2 phase at grain boundaries [30-31]. The graphene G 

peak at 1582 cm-1 and 2D band at ~2700 cm-1 are clearly recognizable. Figure 4.7 

presents spectra of the graphene-on-SCD, SCD substrate and difference between the two. 

The intensity and width of 1332 cm-1 peak confirms that we have single-crystal diamond.  
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Table 4.1 Raman peak assignment for graphene on UNCD and SCD  

Material Measured (cm-1) Explanation 
 
 

SCD 
 

1332 Diamond peak 
2462 TO (L(3-))+LO(L(2-)) [28] 
2178 L(W(2))+TO(W(1)) [28] 

 
 

UNCD 
 

1170 1170, nanocrystalline hexagonal diamond [25] 
1332 NA 
1459 1467, a weak feature observed in diamonds 

implanted with ions of energy in the MeV range [26] 
1533 1530,  amorphous carbon [27] 
2265 L(X(1))+TO(X(4))  [28] 
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Figure 4.7: (a) Raman spectra of graphene-on-UNCD and UNCD substrate. (b) 
Raman spectra of graphene-on-SCD and SCD substrate. The difference in spectra 
was used to determine the number of atomic planes, n. The specific example shows 
single-layer graphene. Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 
12 (2011) Copyright © 2012 American Chemical Society. 
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4.2.4 MATERIALS CHARACTERIZATION OF GRAPHENE ON DIAMOND 

We also use the atomic force microscopy to determine the thickness of the layer of 

graphene. And EDS is used to determine the chemical elements of the sample materials 

All EDS spectras looked like the spectra above for both regions of just diamond substrate 

and graphene layers on Diamond substrate.  The largest peak at ~0.28 keV is 

representative of Carbon (K orbital), Oxygen (K orbital) with small shoulder peak at 0.52 

keV, and central peak for Tungsten (M orbital) at 1.80 keV.   

 

 Figure 4.8 AFM image for determining the thickness of graphene on diamond substrate. 
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4.3 FABRICATION OF GRAPHENE-ON-DIAMOND DEVICES  

In order to fabricate graphene device, the first step should be making graphene on 

substrate. Then characterize graphene by Raman spectroscopy based on the theory we 

mentioned before. And then make micro size metal pattern or grow oxide gate if top 

gated. The most widely used method for making graphene is micro-mechanical 

exfoliation invented by Novoselov et .al  [1-2] that give out the good production of 

graphene. Attach a HOPG flake to about six inches of adhesive tape with tweezers and 

press it down gently and peel the tape slowly to make the graphite cleaving into two. 

Then lay the tape with graphite flakes onto a small 300 nm silicon dioxide substrate and 

 

Figure 4.9 EDS results for determining the elemental composition of graphene on diamond 

samples. 
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press the tape carefully for a few minutes. The final step is to peel the tape off from 

silicon substrate. Then find the graphene under optical microscope and identify the layers 

of graphene by Raman Spectroscopy as we has mentioned before. 

The UNCD thin films were grown on 100-mm diameter Si substrates in 915 

MHz large-area microwave plasma chemical vapor deposition (MPCVD) system 

(DiamoTek 1800 series 915 MHz, 10 KW from Lambda Technologies Inc.) operating in 

the clean room at the Argonne National Laboratory. Prior to the growth, silicon substrate 

were deposited with 10 nm tungsten layer using sputter deposition process followed by 

nanodiamond seeding treatment using the nanodiamond suspension containing 

dimethylsulphoxide (DMSO) solution (ITC, Raleigh, NC). Details about MPCVD and 

seeding process for the UNCD growth are described in chapter 4.1.  The single crystal 

diamonds used for this study were type IIb with (100) orientation (Delaware Diamond 

Knives) polished from both sides down to ~3-nm RMS roughness. A pre-cleaning 

procedure using acid wash and solvent cleaning was used to etch any contaminants from 

the surface. The H-termination process with microwave plasma was carried at the 

substrate T=700 oC using H2 flow of 50 sccm and chamber pressure of 30 mbar for 10-15 

mins. The process eliminates any hydrocarbon and oxygenated impurities and produces 

clean H-terminated diamond surface. We defined the top-gate region using EBL (NPGS 

controlled Leo 1550) and performed ALD (Cambridge Nanotech) of 20-nm thick HfO2 at 

T=110°C. The lift-off of ALD was done in hot acetone (T=60°C) for ~2 hours. We often 

observed oxide leftovers at the edges of the defined regions, which can lead to 

discontinuities in the following metal layer. To avoid this problem, we designed HfO2-
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layer insert under the entire region of gate electrode and pad. We then used EBL to define 

the source, drain and top gate electrodes regions and deposit Ti/Au (10nm/100nm) by E-

beam evaporator (Temescal BJD-1800).The gate leakage in our devices was very low 

(much smaller than 0.1 nA/µm2). We established that our polished UNCD/Si substrates 

do not require a seeding layer for ALD of HfO2 gate dielectric. 

 

4.4  ELECTRICAL CHARACTERIZATION AND RESULT ANALYSIS 

We intentionally focused on devices made of FLG with n≤5. FLG supported on 

substrates or embedded between dielectrics preserves its transport properties better than 

single-layer graphene. Two-terminal (i.e. interconnects) and three-terminal (i.e. FETs) 

devices were fabricated on both UNCD/Si and SCD substrates. The electron-beam 

lithography (EBL) was used to define the source, drain contacts, and gate electrodes. The 

contacts consisted of a thin Ti film covered by a thicker Au film. The top-gate HfO2 

dielectric was grown by the atomic layer deposition (ALD). The novelty in our design, as 

compared to the graphene-on-SiO2/Si devices, was the fact that the gate electrode and pad 

were completely separated by HfO2 layer to avoid oxide lift-off sharp edges, which can 

affect connection of the gate electrode. Figure 4.10 shows schematics of the fabricated 

devices. For testing the breakdown current density in FLG we used two-terminal devices 

in order to minimize extrinsic effects on the current and heat conduction. Three-terminal 

devices were utilized for µ measurements. We also fabricated conventional graphene-on-

SiO2/Si devices as references. Figure 4.10b is an optical microscopy image of two-

terminal graphene-on-SCD devices. Figures 4.10c and d show the scanning electron 
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microscopy (SEM) images of the two-terminal and three-terminal graphene-on-UNCD 

devices, respectively. 

4.4.1 HIGH BREAKDOWN CURRENT DENSITY  

We electrically characterised >40 graphene-on-diamond devices and >10 graphene-on-

SiO2/Si reference devices. To understand the origin of the breakdown we correlated JBR 

values with the thermal resistances of the substrates. We measured the effective K of the 

substrates and determined their thermal resistance as RT=HS/K, where HS is the substrate 

thickness. For details of the thermal measurements see the Chapter 4.5. Figure 4.12 

shows RT for the UNCD/Si and Si/SiO2 (300-nm) substrates as a function of T. Note that 

RT for Si increases approximately linear with T, which is expected because the intrinsic 

thermal conductivity of crystalline materials decreases as K~1/T for T above RT. The T 

dependence of RT for UNCD/Si is notably different, which results from interplay of heat 

conduction in UNCD and Si. In UNCD, K grows with T owing to increasing inter-grain 

transparency for the acoustic phonons that carry heat [5]. UNCD/Si substrates, despite 

being more thermally resistive than Si wafers at RT, can become less thermally resistive 

at high T. The RT value for SCD substrate is ~0.25×10-6 m2K/W, which is more than 

order-of-magnitude smaller than that of Si at RT. The thermal interface resistance, RB, 

between FLG and the substrates is RB ≈ 10-8 m2K/W, and it does not strongly depend on 

either n or the substrate material [5]. For this reason, RB does not affect the RT trends 

Figure 4.13 shows current-voltage (I-V) characteristics of graphene-on-SCD 

FET at low source-drain voltages for different top-gate, VTG, bias. The inset demonstrates 
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a high quality of the HfO2 dielectric and metal gate deposited on top of graphene channel. 

The linearity of I-Vs confirms that the contacts are Ohmic.  

 

 

 Figure 4.10: Graphene-on-diamond devices. (a) Schematic of the two-terminal and three-
terminal devices fabricated for testing on UNCD/Si and SCD substrates.(b) Optical 
microscopy image of the two-terminal graphene devices – prototype interconnects – on 
single-crystal synthetic diamond. (c) and(d): SEM images of the two-terminal and three-
terminal graphene-on-UNCD/Si devices. The two-terminal devices were used for the 
breakdown current density testing while the three-terminal devices were utilized to measure 
the mobility. Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) 
Copyright © 2012 American Chemical Society. 

 



  
 

78 
 

 

 

 

Figure 4.11: Thermal resistance of UNCD/Si substrate and reference Si wafer. Reprinted 
with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 
American Chemical Society. 
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Figure 4.12: (a) Low-field current-voltage characteristics of top-gate graphene-on-
SCD devices. (b) Source-drain current in the three-terminal graphene-on-UNCD 
devices as a function of the top-gate bias. Reprinted with permission from Jie Yu et

.al , Nano Lett , 3, 12 (2011) Copyright © 2012 American Chemical Society. 
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Figure 4.12 presents the source-drain, ISD, current as a function of VTG for 

graphene-on-UNCD FET. In the good top-gate graphene-on-diamond devices the 

extracted µ was ~1520 cm2V-1s-1 for electrons and ~2590 cm2V-1s-1 for holes. These 

mobility values are acceptable for applications in downscaled electronics. In Figure 4.13 

we show results of the breakdown testing. For graphene-on-UNCD, we obtained 

JBR≈5×108 A/cm2 as the highest value, while the majority of devices broke at JBR≈2×108 

A/cm2. The reference graphene-on-SiO2/Si had JBR≈108 A/cm2, which is consistent with 

literature [32-34]. The maximum achieved for graphene-on-SCD was as high as 

JBR≈1.8×109 A/cm2. This is an important result, which shows that via improved heat 

removal from graphene channel one can reach, and even exceed, the maximum current-

carrying capacity of ~10 µA/nm2 (=1×109 A/cm2) reported for CNTs [8-11]. The 

surprising improvement in JBR for graphene-on-UNCD is explained by the reduced RT at 

high T where the failure occurs. At this temperature, RT of UNCD/Si can be lower than 

that of Si/SiO2.    

The location of the current-induced failure spot and JBR dependence on 

electrical resistivity, ρ, and length, L, can shed light on the physical mechanism of the 

breakdown. The failures in the middle of CNTs and JBR~1/ρ were interpreted as 

signatures of the electron diffusive transport, which resulted in the highest Joule heating 

in the middle [8-10]. The failures at the CNT-metal contact were attributed to the electron 

ballistic transport through CNT and energy release at the contact. There is a difference in 

contacting CNT with the diameter d~1 nm and graphene ribbons with W≥1 µm. It is 
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easier to break CNT-metal than the graphene-metal contact thermally. In our study, we 

observed the failures both in the middle and near the contact regions (see Figure 4.14). 

The difference between these two types was less pronounced than that in CNTs. The 

failures occurred not exactly at the graphene-metal interface but on some distance, which 

varied from sample to sample. We attributed it to the width variations in graphene 

ribbons leading to breakdowns in the narrowest regions, or in the regions with defects, 

which are distributed randomly. We did not observe scaling of JBR with ρ like in the case 

of CNTs. 

Intriguingly, JBR for graphene scaled well with ρL. Figure 4.14 shows data for 

graphene-on-UNCD with a similar aspect ratio. From the fit to the experimental data we 

obtained JBR=α(ρL)-β, where α=1.3×10-6 and β=0.73. For graphene-on-SCD, the slope is 

β=0.51. Previously, the scaling with (ρL)-β (where β=0.6-0.7) was observed in carbon 

nanofibers (CNF) [35], which had a similar aspect ratio. Such JBR (ρL) dependence was 

explained from the solution of the heat-diffusion equation, which included thermal 

coupling to the substrate. However, the thermally-induced JBR for CNF was ~106 A/cm2 – 

much smaller than the record JBR≈1.8×109 A/cm2 we obtained for graphene-on-SCD. 
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Figure 4.13: Breakdown current density in the two-terminal graphene-on-UNCD and 
graphene-on-SCD devices. Note an order of magnitude improvement in the current-
carrying ability of graphene devices fabricated on single-crystal synthetic diamond. 
Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 
2012 American Chemical Society. 
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Figure 4.14: Scaling of the breakdown current density. JBR as a function of the electrical 
resistance and length of graphene interconnects.  The device failures close to the middle of 
the graphene channel and to the graphene - metal contact are indicated with red circles and 
blue rectangular, respectively.  
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4.4.2 TOP GATED FET GRAPHENE ON DIAMOND DEVICE 

The information of electrical property of graphene or other thin film materials is collected 

from the current –voltage (I-V) curve of the materials by apply voltage on the two points 

of the material and back-gate voltage. The resistance can be described by ohm law: 

I
VR =                                                                                                                               (4.5) 

Where V is the voltage difference been applied to the materials. And I is the current by 

either electrons or holes. And also the resistivity ρ can be defined as: 

 
L
AR=ρ                                                                                                                           (4.6) 

Where R is the resistance, A is the cross sectional area, L is the length of the material. 

The drift velocity νd is the velocity that particle travels under the applied field and can be 

described in the relation with density of current J: 

dnevj =                                                                                                                            (4.7) 

Then the mobility can be represented in the following formula: 

  Evd /=µ                                                                                                                       (4.8) 

Where µ  is the carrier mobility. 

  
en
σµ =                                                                                                                            (4.9) 
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Where ρσ 1= and n is the carrier concentration density cm-2 and e is the electron charge. 

The graphene device structure can be consider as a capacity with top gate or back gate 

dielectric as the capacity dielectric, then 

   ggVCenQ ==                                                                                                              (4.10) 

gC  represent the gate capacity and and Vg represent the gate voltage, combine the 

equations together we can have the final calculation formula for graphene mobility: 

W
L

VC
g
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V
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en
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dsg
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σµ                                                                                         (4.11) 
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12
0 1085.8 −×=ε  F/m, 162 =HfOε     for example, assume dHfO2 =20 nm

33.708)( 2 =HfOCg  nF/cm2
 

L  is the length of the graphene flake and W  is the width of the graphene flake. For 

example: The mobility calculation for one graphene device with the following parameter:

7.1=
W
Lg , 1.0=dsV  V     

The 0mg is calculated from the Ids-Vg curve.    

503=eµ  cm2Vs-1  
 and  1605=hµ  cm2Vs-1 
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The current-voltage (I-V) characteristics were measured using Agilent 4156B 

semiconductor parameter analyzer. The devices were robust and consistently retained 

their I-V over the testing period. Gate voltage Vg varied from -4 V to 4 V for a set of the 

drain sources voltages VDS. The channel conductance was approximately proportional to 

the gate biases in each device. The top gate leakage current in the device was very small 

enough to be negotiable (1 nA). We also examined the same structure of devices on 

diamond without graphene with the same protocol. The leakage current through the 

diamond substrate is also negotiable. Drude formula was used for calculated the carrier 

mobility. The gate dielectric capacitance (Cq) is 708.3 nF/cm2 for HfO2 gate insulator 

(thickness of 20 nm), In the good top-gate graphene-on-diamond devices the extracted 

was ~1520 cm2V-1s-1 for electrons and ~2590 cm2V-1s-1 for holes. These mobility values 

are acceptable for applications in downscaled electronics. The dirac point under the top 

gate portion of the graphene transistor channel was ranger different device.  The 

roughness of diamond substrate increases the scattering of electron and phonon that lead 

to the lower mobility and higher thermal conduction. 
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Figure 4.15: (a) Drain current voltage characteristics of the top gate device under the 
source drain voltage of 0.1V. (b) Current voltage characteristics of graphene on 
diamond devices under different source drain voltage. 

  



  
 

88 
 

4.5 THERMAL RESISTANCE OF SYNTHETIC DIAMOND SUBSTRATES 

The effective thermal conductivity of the polished UNCD/Si wafers was measured using 

the transient plane source (TPS) “hot disk” technique. We have previously used TPS 

technique to measure thermal conductivity of a wide variety of materials [36-38]. The 

thermal conductivity of SCD was measured with the “laser flash” technique, which is 

more accurate for the materials with high K values. The measured thermal conductivity 

data was used to determine the thermal resistance of the substrates.  

In TPS method, an electrically insulated flat nickel sensor is placed between 

two pieces of the substrate. The sensor is working as the heater and thermometer 

simultaneously. A current pulse is passed through the sensor during the measurement to 

generate the heat wave. Thermal properties of the material are determined by recording 

temperature rise as a function of time using the equationΔT(τ) = P�π3/2rK�
−1

D(τ) , 

whereτ = (tmα/r2)1/2,  is the thermal diffusivity, tm is the transient measurement time, 

r is the radius of the sensor, p is the input heating power, andD(τ) is the modified Bessel 

function. The time and the input power are chosen so that the heat flow is within the 

sample boundaries and the temperature rise of the sensor is not influenced by the outer 

boundaries of the sample. To make sure that our system is properly calibrated we 

measured thermal conductivity of standard Si wafers and compared the results with the 

literature values. One can see Figure 4.16 that our measured data are in excellent 

agreement with the previously reported values. The temperature dependence of the 

thermal conductivity K~1/T is also in agreement with the theory for high-quality crystals. 
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Figure 17 presents the measured 𝐾𝑒𝑓𝑓(𝑇)  for a reference Si wafer and a UNCD/Si 

composite substrates. The Si wafer's K scales as ~1/T, which is expected for 

semiconductor crystals near and above room temperature. The effective thermal 

conductivity of the UNCD/Si becomes larger than that of Si at higher temperature due to 

improved inter-grain phonon transparency in UNCD.  

 

 

 

Figure 4.16: Thermal conductivity of Si wafers measured by our instrument (black 
squares) and reported in literature (red circles). The literature values are after C. Y. Ho, 
R. W. Powell, and P. E. Liley, J. Phys. Chem. Ref. Data 3, I-588 (1974). Reprinted with 
permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) Copyright © 2012 American 
Chemical Society. 
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Figure 4.17: Thermal conductivity as a function of temperature for UNCD/Si substrate 
and bulk Si. Reprinted with permission from Jie Yu et .al , Nano Lett , 3, 12 (2011) 
Copyright © 2012 American Chemical Society. 
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4.6  THERMAL MODELING OF GRAPHENE ON DIAMOND DEVICES 

The heat diffusion equation for given structures was solved numerically by the finite-

element method using COMSOL software. Our modeling results obtained gave consistent 

values with our experimental result. Although it is found that k at room temperature 

reduces from 5500 to 3000 W/mK as the width of a single-layer graphene ribbon is 

scaled from 9 to 3 µ m [39]. It is calculated based on experimental result that breakdown 

graphene devices are all self-heated to temperature of 700-800oC before breakdown by 

Joule heating [40]. Thermal conductivity on these polished UNCD/Si samples and Single 

crystal diamond samples were carried out using transient plane source (TPS) “hot disk” 

technique as well as optical “laser flash” technique. Hot disk technique measures the 

average in-plane thermal conductivity whereas laser flash technique measures the average 

cross-plane thermal conductivity. The simulation model is based on experimental devices 

results from UNCD and single crystal diamond. Thermal boundary resistance of graphene 

between UNCD and SCD is unknown experimentally, in order to compared with 

graphene on SiO2, the value is set as the same as thermal boundary resistance of 

graphene-Silicon dioxide experimentally measured at the range of 5.6×10-9 ~ 1.2×10-8   

m2K/W[41]. The devices were modeled as heat sources with the power density and 

geometry chosen in such a way so that the temperature rise is close to the typical values 

graphene devices breakdown. According to the modeling, the breakdown current density 

would be 19 times on single crystal diamond compared to graphene on SiO2, which 

experimentally Jbr on single crystal diamond is about 12 times of Jbr on SiO2. The Jbr on 

UNCD improve 80% compared to Jbr on SiO2, experiment measure result by our group is 
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51% increase. This difference between modeling and experiment result is due to the 

thermal boundary resistance between graphene and UNCD and SCD is not the same as 

SiO2; the TBR between graphene and UNCD should be larger because of the roughness 

surface. To optimize the parameters to achieve highest breakdown in our simulation, it 

concluded that adjust the thermal conductivity of graphene make little effect on the 

breakdown current density. And remove the thermal boundary resistance can improve the 

Jbr by 2 times which indicated that the current roughness of CVD UNCD is the obstacle 

for the improvement of breakdown current density.  

 

 

 

Figure 4.18: Thermal modeling result of graphene on diamond by COMSOL software. 
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4.7 CONCLUSIONS 

In conclusion, we demonstrated in a systematic study that replacing SiO2 with synthetic 

diamond allows one to achieve graphene's intrinsic current-carrying capacitance limit, 

which is on the same order of magnitude as that in carbon nanotubes and we reported the 

first experimental study of top gated graphene devices on UNCD and single crystal 

diamond with acceptable carrier mobility. We confirmed that graphene's current-induced 

breakdown is thermally activated. The measured maximum breakdown current density 

JBR in ambient air for graphene-on- UNCD and graphene-on-SCD was 5 × 108 and 18 × 

108 A/cm2, respectively. Compared with similar geometry of graphene devices on SiO2 (1 

× 108 A/cm2). Our results together with the prospects of direct growth of graphene on 

diamond or graphitization of the top diamond layers for graphene device fabrication can 

stimulate development of the planar sp2-on-sp3 carbon-on-carbon technology. 
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Chapter 5     

Conclusions  
 

5.1 SUMMARY OF DISSEARTATION RESEARCH 

Graphene is a promising material for future electronics owing to its high carrier mobility, 

thermal conductivity, saturation velocity and ability to integrate with almost any substrate. 

Particularly feasible are applications that do not require a bandgap but can capitalize on 

graphene’s superior current-carrying capacity. Graphene field-effect transistors (FETs) 

and interconnects built on SiO2/Si substrates reveal the breakdown current density, JBR, of 

~1 µA/nm2, which is ~100× larger than the fundamental electromigration limit for the 

metals. However, the current-carrying capacity of graphene-on-SiO2/Si devices is still 

much smaller than the maximum achieved in carbon nanotubes (CNTs). In this 

dissertation research we report a systematic study of the current-induced breakdown in 

graphene-on-diamond devices, and demonstrate that by replacing SiO2 with synthetic 

diamond one can solve the early-graphene-device-failure problem and increase JBR of 

graphene by an order-of-magnitude, to above ~10 µA/nm2. We used recent advances in 

the chemical vapor deposition (CVD) and processing of diamond for fabricating >40 

graphene devices on ultrananocrystalline diamond (UNCD) and single-crystal diamond 

(SCD) substrates with the surface roughness below δH≈1 nm. It was found that not only 

SCD but also UNCD with the grain size D~5-10 nm can improve JBR owing to the 

increased thermal conductivity of UNCD at higher temperatures. The obtained results are 
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important for graphene applications in interconnects, radio-frequency (r.f.) transistors, 

and can lead to the new planar sp2-on-sp3 carbon-on-carbon technology with superior 

current-carrying capacity. 
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