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ABSTRACT OF THE DISSERTATION  

Thermal Properties of Graphene and Applications for Thermal Management  

of High-Power Density Electronics 

 

by 

Zhong Yan 

 

Doctor of Philosophy, Graduate Program in Electrical Engineering 

University of California, Riverside, December 2013 

Professor Alexander A. Balandin, Chairperson 

 

This dissertation presents results of the experimental studies of graphene thermal 

properties and discusses possibilities of graphene applications for thermal management of 

high-power density electronic devices. The results reported here are divided into two 

parts. In part one, I describe fabrication and testing of graphene and few-layer graphene 

(FLG) heat spreaders for high-power AlGaN/GaN transistors. The mechanically 

exfoliated graphene-graphite layers have been transferred on top of AlGaN/GaN field-

effect transistors and attached close to the heat generating regions near the metal contacts. 

The micro-Raman spectroscopy was used for in situ monitoring of the temperature of the 

hotspots. It was demonstrated that the temperature of the hot spots can be lowered by 

~20 °C in transistors operating at ~13 W/mm power. The latter corresponds to an order-

of-magnitude increase in the device lifetime. Simulations results supported our 

conclusions and indicated that graphene-graphite heat spreaders perform even better in 

AlGaN/GaN transistors on sapphire substrates. The proposed approach for heat removal 
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at micrometer and nanometer scale represents a transformative change in thermal 

management of electronics.  

In part two of this dissertation, I report the results of investigation of thermal 

conductivity of thin films made of a novel nanostructured graphene material, which 

consists of graphene nanoribbons encapsulated in single walled carbon nanotubes. The 

temperature dependent Raman spectrum of this material was measured in order to obtain 

the temperature coefficients of G
+
 peak and 2D peaks. Using the Raman optothermal 

technique, I determine the local temperature rise due to laser heating from the shifts in 

Raman peak positions. A finite element analysis method was conducted to simulated heat 

dissipation in the samples and to determine their effective thermal conductivity. The 

obtained results suggest that this hybrid graphene – carbon nanotube material can be used 

as fillers in thermal interface materials.  
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Chapter 1    Introduction and Motivations 

When semiconductor industry moves into nanometer scale devices design, thermal 

management becomes very challenging and that might lead to the end of Moore’s law. 

For silicon complementary metal-oxide semiconductor (Si-CMOS) technique, as the 

feature size shrinks, higher integration density and faster operation speed could be 

achieved. However, as a consequence of down scaling, modern CMOS devices consume 

more power and generate more heat per area and the huge local temperature rise due to 

Joule heating might cause devices performance degradation or even permanent damage. 

Besides this challenge resulting from the down scaling trend of Si based CMOS 

technique, thermal management is also the bottle-neck for the development of GaN based 

high-frequency high-power electronic devices. Owing to the high breakdown voltage and 

high carrier saturation velocity, GaN based transistors are outstanding candidates for 

radio frequency (RF) power devices and have been widely used in wireless 

communication. For a power device operating at particular frequency range, device 

feature size is fixed.  However, in order to achieve as much output power as possible, 

dissipation power applied to this kind of device is extremely huge, resulting in huge 

challenge in thermal management.  

 

1.1  Introduction: The End of Moore’s Law? 

In 1965, Intel co-founder Gordon Moore first observed that the number of transistors on 

integrated circuits (IC) had doubled every year and he predicted that this trend would 
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continue for the future [1]. Later on, Moore slightly altered his formulation and refined 

this period to roughly two years. This is the famous Moore’s Law which has guided the 

development of semiconductor industry for over 40 years. Figure 1.1 shows the number 

of transistors on microprocessor as a function of the year. The vertical axis is in 

logarithmic scale so the curve corresponds to exponential growth over time as predicted 

by Moore's Law. 

 

Figure 1.1 Moore's Law. CPU transistor counts as a function of the year. The figure was 

plotted with data extracted from http://commons.wikimedia.org/wiki/User:Wgsimon 

 



3 
 

However, Moore's Law has faced great challenge right now. Moore’s Law indicates 

a trend of the feature size shrinking of integrated circuits and accompanying this down 

scaling process, the performance of IC will be improved and the cost will be reduced. 

Nowadays, the most advanced commercially available CPU is fabricated with 22 

nanometer technology and products with 15 nanometer technology will be available very 

soon. 15 nm refers to the size of the smallest feature that the fabrication equipment can 

etch onto the surface of a wafer. Integrated circuits with higher integration density and 

faster working speed will consume more power and generate more heat.  

 

Figure 1.2 CPU power density as a function of the year. The figure was plotted according 

to data extracted from reference [2] 

 

Figure 1.2 shows the CPU power density as a function of the year. An exponential 

trend of increasing power density is an inevitable consequence of Moore's Law.  The 
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current level of on-chip power density has reached the order of 100 W/cm
2
, which is on 

the same order of magnitude of a nuclear reactor. The semiconductor industry will soon 

reach the limit of heat dissipation which might lead to the end of Moore's Law [3]. 

 

1.2  Motivations: Graphene Heat Spreaders 

Addressing those problems arising from the increasing heat dissipation in modern 

electronic devices requires systematic multidisciplinary work which will involve 

scientists and engineers both in academia and semiconductor industry. For example, 

physicists need to provide a better picture of thermal transport in nanometer scale devices; 

material science engineers are trying to find new materials to either replace or improve 

the performance of conventional heat sink and thermal interface materials (TIM); 

engineers at semiconductor industry keep trying to optimize their package design to 

facilitate heat removal.  

Among all those efforts, finding new materials with high thermal conductivity as 

heat spreaders is an attractive approach to improve heat removal capability of modern 

electronic devices. There are several basic requirements of this new material. First of all, 

it must have extremely high thermal conductivity. Second, since silicon based CMOS 

technique will not be replaced in the near future, this new material  must be compatible 

for integration with current Si-CMOS technology. Last, the cost must be acceptable in 

order to develop a commercial product. A new material called graphene is a promising 

candidate for the heat removal applications. 

Graphene is one atomic-layer thin film of carbon atoms packed in honeycomb lattice.  
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It has attracted intensive interest both in academia and industry ever since its 

experimental discovery in 2004 [4]. Graphene is the thinnest material known so far with 

the strongest mechanical property ever measured [5]. It has extraordinary electronic band 

structure and  extremely high carrier mobility [4, 6].  

Moreover, graphene also has outstanding thermal properties. The intrinsic thermal 

conductivity of suspended single layer graphene (SLG) has been measured around 

3000~5000 W/mK [7]. For few layer graphene (FLG), the thermal conductivity value 

decreases with number of layers [8] and will soon approach bulk graphite limit, which is 

around 2000 W/mK. This is still  a very high value. Table 1.1 compares thermal 

conductivities of graphene with other carbon materials and materials commonly used in 

semiconductor devices. High thermal conductivity leads to good heat removal capability. 

In addition, graphene films can maintain high thermal conductivity when the thickness 

reduce to nanometer scale while thermal conductivity of metal films rapidly decrease 

with film thickness [9, 10]. For many technologically important metals, for example, 

aluminum, copper or gold, the thermal conductivity of the metal film constitutes only ~20% 

of the bulk value at the film thickness ~100 nm.  

The planar two-dimensional geometry of graphene enables conventional lithography 

and etching techniques used in semiconductor industry, which gives graphene a great 

advantage in terms of compatibility compared with other high-thermal-conductivity 

material like carbon nanotubes. And the recent progress in the chemical vapor deposition 

(CVD) growth of graphene led to fabrication of large-area graphene layers that are 

transferable onto various insulating substrates [11, 12]. The CVD grown graphene layers 
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of up to 30 inches in size on cheap flexible substrates have been demonstrated [11]. 

Various methods of graphene synthesis were reported [13, 14]. We can expect that a 

reliable method to synthesize high-quality large-scale graphene film will be developed in 

the near future and the mass production of graphene will be available in semiconductor 

industry. All above reasons explain why we are interested in graphene heat spreaders. 

 

Table 1.1: Room temperature thermal conductivity values of common materials used in 

semiconductors and thermal conductivity values of carbon materials 

Materials Room Temp Thermal Conductivity 

Single Layer Graphene ~3000~5300 W/mK [7]  

Bi-layer  to Few Layer Graphene ~2800 W/mk to ~1300 W/mk 

Silicon (Si) 145 W/mK 

SiO2 1 - 13 W/mK 

Copper 400 W/mK 

Gold ~300 W/mk 

Diamond 1000 - 2200 W/mK 

Graphite 200 - 2000 W/mK (Orientation Dependent) 

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

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

The outline of my dissertation is as follows: Chapter 2 briefly reviews the discovery of 

graphene and gives brief introductions to the extraordinary properties of graphene. 

Chapter 3 systematically presents the experimental results of proof-of-concept 

demonstration of utilizing graphene-graphite heat spreaders for thermal management of 

high-power AlGaN/GaN HFETs. Chapter 4 presents the Raman spectroscopy and 

thermal properties of a novel nanostructured material- graphene nanoribbons 

encapsulated in single-walled carbon nanotubes. Chapter 5 is the summary of my 

dissertation. 
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Chapter 2 Background: Properties of Graphene and Sample 

Preparation 

The discovery of graphene is like a supernova in material science and condensed matter 

physics. It has attracted enormous interest in both academia and industry, triggering a 

scientific gold rush among physicists, chemists, material scientists and electrical 

engineers throughout the world. This chapter gives brief review of the discovery of 

graphene and those extraordinary properties of graphene.  

 

2.1 Graphene Discovery 

Theoretical investigation of electrical property of graphene was first conducted back in 

1940s [1] and continued in 1950s [2, 3], almost sixty years ahead of the experimental 

discovery of that material. The purpose of those studies was to understand electronic 

properties of graphite, which  became an important material for nuclear reaction. It had 

been predicted that pure two-dimensional crystal could not exist in the real world due to 

thermodynamic unstable [4, 5]. However, graphene has been experimentally discovered 

by Dr. Geim and Dr. Novoselov  in 2004 [6] with a relatively simple method, namely 

mechanical exfoliation method. They used adhesive tape to repeatedly split graphite 

crystals into thinner pieces and then the flakes were transferred to a silicon wafer with 

300 nm oxide layer on top. Single layer graphene flakes on the substrate could be 

identified under optical microscope through small but noticeable optical contrast. The 
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existence of graphene and other recently discovered one-atomic-layer crystals does not 

contradict with the thermodynamics theory. It can be argued that those materials 

supported by a substrate are not free standing 2D crystals and the extracted 2D crystals 

become intrinsically stable by gentle crumpling in the third dimension [7, 8]. Such 3D 

warping leads to a gain in elastic energy but suppresses thermal vibrations, which above a 

certain temperature can minimize the total free energy [8]. The Nobel Prize in Physics for 

2010 was awarded to Dr. Geim and Dr. Novoselov at the University of Manchester “for 

groundbreaking experiments regarding the two-dimensional material graphene” . 

 

2.2 Atomic Structure and Unique Electronic Properties of 

Graphene 

Graphene is a monolayer of sp
2
 bonded carbon atoms arranged in a hexagonal crystal 

structure. It can be viewed as the basic building block for sp
2 
bonded carbon allotropes. It 

can be wrapped up into 0D fullerenes (C60), rolled into 1D nanotubes and stacked into 

bulk graphite. Figure 2.1 shows the schematics of the atomic structure of graphene, 

fullerenes and carbon nanotubes. The distance between two nearest sp
2 

bonded carbon 

atoms is 1.42 Å. 

The electronic property of graphene differs from most three dimensional materials. 

Intrinsic graphene is a semimetal with zero band gap. It has been theoretically studied as 

early as 1947 [1]. Due to the hexagonal crystal structure, the reciprocal lattice of 

graphene is also hexagonal (shown in Figure 2.2). At the six corners of the first Brillouin 
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zone, the electron energy versus momentum, E-k, relation is linear [9, 10]. This linear 

dispersion leads to zero effective mass of electrons and holes near those six points. 

Electrons and holes behave like relativistic particles described by the Dirac equation for 

spin -1/2 particles . Hence, the electrons and holes are called Dirac fermions and the six 

corners of the Brillouin zone are called the Dirac points. Graphene reveals ambipolar 

electric field effect  that the charge carrier types can be turned continuously from 

electrons to holes. Experimental results show that graphene has extremely high electron 

mobility at room temperature, up to 15,000 cm
2
·V

-1
·s

-1
 [10] and this value is still limited 

by impurity scattering. The intrinsic carrier mobility at room temperature limited by 

acoustic phonon scattering of graphene could achieve 200,000 cm
2
·V

-1
·s

-1
 at a carrier 

density of 10
12

 cm
−2 

[11]. Owing to its high carrier mobility, graphene has attracted 

intensive attention as promising candidate for new-generation high-frequency electronics. 

Graphene transistors with cut-off frequency above 100 GHz have been experimentally 

demonstrated [12, 13]. 

 

Figure 2.1 Atomic structure of graphene (left), fullerenes (C60, middle) and carbon 

nanotubes (right) 
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Figure 2.2 The first Brillouin zone of graphene and electronic band structure. 

 

2.3 Graphene Production: From Mechanical Exfoliation to 

Chemical Growth  

Graphene was first obtained experimentally in 2004 through mechanical exfoliation 

method. The graphene sample preparation starts from peeling thinner graphite flakes 

from bulk material. Bulk graphite can be viewed as monolayer graphene stacked layer by 

layer. The chemical bonding between sp
2
 bonded carbon atoms in graphene layer are very 

strong. However, the bonding between two nearby graphene layers is week van der 

Waals  force and could be easily broken by external force. By using adhesive tape 

repeatedly split graphite flakes into thinner pieces, optically transparent thin flakes could 

be obtained. Then the tape with thin graphite flakes is attached to a silicon substrate with 

300 nm silicon dioxide layer on top and pressed gently for few minutes. After removing 
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the tape many graphene flakes with random size, shape and thickness could be found on 

the Si substrate. This method is also named as scotch tape method or drawing method.  

Figure 2.3 shows an typical optical microscope image of graphene samples 

fabricated in our lab with mechanical exfoliation method. The thickness of graphene 

flakes could be roughly estimated by the color and optical contrast under optical 

microscope image. As shown in Figure 2.3, thick graphene flake is almost opaque with 

dark green color; thin graphene flake is almost transparent. However, in order to identify 

the number of atomic layers in graphene flakes, other approach like Raman spectroscopy 

need to be applied.  

Mechanical exfoliation is a very straight-forward method and can provide high 

quality graphene flakes up to 100 μm in size. After many years of the graphene discovery, 

graphene samples fabricated with this method are still widely used in research labs. 

However, the drawbacks of mechanical exfoliation method are also  pronounced. The 

process of  mechanical exfoliation and following graphene identification is time 

consuming and requires lots of man power. The thickness of graphene cannot be 

controlled and large, uniform graphene flakes above 100μm in size are hard to obtain 

with this method. Those drawbacks prevent graphene fabricated with this method from 

industry applications. 

Recently, chemical epitaxial growth methods have been developed rapidly for 

graphene preparation. One method is to heat silicon carbide (SiC) to high temperatures 

(>1, 100 °C) under low pressures (~10
−6

 torr) to reduce it to graphene [14]. Dimensions 

of epitaxial graphene grown by this process strongly depend upon the size of the SiC 
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substrate. The face of the SiC used for graphene formation, silicon- or carbon-terminated, 

highly influences the thickness, mobility and carrier density of the graphene. 

 

Figure 2.3 Optical microscope image of graphene sample prepared by mechanical 

exfoliation method in the Nano-Device Laboratory, UCR. 

  

Another approach is epitaxial growth of graphene on metal substrates. This method 

use sources and the atomic structure of metal to seed graphene growth. High-quality 

sheets of few-layer graphene have been synthesized via chemical vapor deposition on 

thin nickel films with methane as a carbon source. These graphene sheets have been 

successfully transferred to various substrates, demonstrating viability for numerous 

electronic applications [15, 16]. Epitaxial growth of graphene enables potential 

applications of graphene in semiconductor industry. The first prototype of a graphene-

based touch-screen panel from this process was demonstrated at the Computer 
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Electronics Show in Las Vegas, 2010 [15] as well as the development of a prototype of a 

flexible transparent graphene-based electrode. 

 

2.4 Raman Spectroscopy of Graphene 

Raman spectroscopy is a nondestructive, high-throughput technique widely used in 

material characterization. Raman scattering is an inelastic light scattering effect induced 

by interaction between photons and atoms or molecules. When light is scattered by a 

medium, most photons are elastically scattered (Rayleigh scattering), in which the 

scattered photons have the same energy and frequency as the incident photons. However, 

a small portion of scattered photons have different energy or frequency from the incident 

photons and the energy difference between scatter photons and incident photons 

corresponds to an excitation energy of the medium. In solid materials, this excitation 

energy corresponds to the atoms vibration modes, namely phonons.  

Raman spectroscopy has been widely applied to study the electronic and structural 

properties of carbon based material such as graphite [17], diamond [18] and carbon 

nanotubes [19, 20]. Raman spectroscopy of graphene has attracted intensive research 

interest since the discovery of graphene [21, 22]. Figure 2.4 compares Raman spectrum 

of bulk graphite, single-layer graphene and bi-layer graphene (BLG). The wavelength of 

Raman excitation laser is 488nm.  Bulk graphite has two major Raman peaks, G peak at ~ 

1580 cm
-1

 and 2D band at ~ 2750 cm
-1

 and G peak intensity is much higher than 2D band. 

In SLG, the peak intensity ratio of 2D band over G peak is around 3~4 under 488 
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excitation laser. And 2D band of SLG is sharp and symmetric which can be fitted by a 

single Lorenzian peak. In BLG, the peak intensities of 2D band and G peak are roughly 

equal and the 2D band consists of four Lorenzian peaks.  

 

Figure 2.4 Raman spectra of bulk graphite, single layer graphene (SLG) and bi-layer 

graphene (BLG) measured with 488 nm Raman laser. 2D band of BLG can be fitted by 

four Lorenzian peaks.  

 

For some graphene samples, a weak Raman peak at ~ 1350 cm
-1

 could be seen in the 

Raman spectrum. This peak is named as D peak and relates to defects in graphene crystal. 

Theoretically, G peak corresponds to a Brillouin zone center phonon mode while D peak 

corresponds to a zone boundary phonon which is prohibited by Raman selection rule. The 
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presence of defects break crystal symmetry and make D mode Raman active, thus the 

absence of D peak indicates good crystal quality for graphene samples. 

2D band of graphene results from the double resonance Raman process of D mode 

and is strongly related to the electronic band structure of graphene. The shape of 2D band 

varies distinctively with number of atomic layers in few layer graphene and thus provides 

us a powerful tool to identify the number of graphene layers [23].  

In addition, the temperature dependence of G peak frequency in the Raman 

spectrum of graphene has been well studied [23]. In the studied temperature range from    

-190 
o
C to 100 

o
C, graphene G peak shifts to lower wavenumber range (red shift) and 

approximately follows a liner relation. The temperature coefficient of single layer 

graphene has  been measured as -0.015 cm
-1

/ 
o
C. With this well established temperature 

coefficient, Raman spectroscopy could be applied as a thermometer to detect local 

temperature rise in graphene flakes by measuring the shift of Raman peak positions. 

To conclude, Raman spectroscopy is a very powerful tool in graphene research. It 

provides non-destructive, high-throughput method to identify the number of graphene 

layers; it gives information about the crystal quality of graphene samples; it could also be 

applied as thermometer to measure temperature rise in graphene. 

 

2.5 Superior Thermal Conductivity of Graphene 

Thermal conductivity describes the capability of a material to contact heat. It is 

introduced through Fourier's Law, TKq 


, where q


 is heat flux, K is thermal 
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conductivity and T  is temperature gradient. In solid material, heat is conducted by 

acoustic phonons as well as electrons, thus ep KKK  , where Kp  and Ke are the 

phonon and electron contributions respectively. In metals, thermal conductivity is 

dominated by Ke  due to large carrier concentrations. Heat conduction in sp
2
 bonded 

carbon allotropes is usually dominated by Kp, even for graphite which is a good electrical 

conductor like metal. 

Although theoretical studies suggested that graphene might have unusually high 

thermal conductivity [24], experimental measurement of thermal conductivity of atomic 

layer thin film like graphene could be very challenging. Dr. Balandin and his co-workers 

developed an optothermal Raman technique and first measured the thermal conductivity 

of suspended single layer graphene [25].   The suspended graphene flake was heated up 

by Raman excitation laser and the temperature rise, ΔT, at different laser power,   ΔP, 

was determined through the peak position shift of graphene Raman modes. Given the 

correlations between ΔT and ΔP as well as the geometry of tested graphene samples, 

thermal conductivity, K, could be calculated by solving heat diffusion equation. The 

obtained K value exceeds ~3,000 W/mK  at room temperature, that is above bulk graphite 

limit and is among the highest values obtained experimentally [26]. 

Intrinsic thermal conductivity of graphene is limited by anharmonic phonon-phonon 

scattering,  namely Umklapp scattering. The data obtained from suspended graphene is 

close to the intrinsic value. Thermal conductivities measured from graphene samples 

supported on substrate could be much lower due to coupling to the substrate and phonon 

scattering at the substrate defects and impurities. Measurements for exfoliated graphene 
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on SiO2/Si revealed an in-plane K of ~600 W/mK near room temperature [27]. Thermal 

conductivity of graphene nanoribbons may reduce substantially due to phonon-boundary 

scattering. Experimental studies for graphene nanoribbons with less than five atomic 

planes and a width between 16 nm and 52 nm found K values in the range of  

1,000~1,400 W/mk near room temperature [28]. 

The evolution of thermal properties of FLG with increasing number of layers is of 

great importance to understand the heat conduction in low-dimensional systems. 

Experimental investigation with optothermal Raman technique revealed that K of 

suspended FLG decreases with increasing number of layers, approaching the bulk 

graphite limit [29]. This evolution of K was explained by considering the intrinsic quasi-

2D crystal properties described by the phonon Umklapp scattering. As number of layers 

in FLG increases, the phonon dispersion changes and more phase-space states become 

available for phonon scattering leading to a decrease in K. However, thermal conductivity 

values of FLG, varying from ~1300 W/mK to ~2800 W/mk, are still higher than most 

semiconductor materials and metals. 

 

2.6 Summary 

Chapter 2 briefly reviews the discovery of graphene and gives brief introductions to the 

extraordinary properties of graphene, including the atomic structure, electronic band 

structure, graphene sample preparations, Raman spectroscopy and thermal properties. 

The outstanding thermal properties of graphene explain the motivation of using graphene 
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for heat removal applications and Raman spectroscopy is the most important technique 

applied in this dissertation study. 
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Chapter 3: Graphene Heat Spreaders for High-Power GaN 

Transistors 

Self-heating is a critical issue for high-power gallium nitride (GaN) electronic and 

optoelectronic devices. Various thermal management solutions, for example, flip-chip 

bonding or composite substrates, have been attempted. However, temperature rise due to 

dissipated power still limits the performance of GaN based high-power devices. Here we 

demonstrates that thermal management of GaN transistors can be substantially improved 

via introduction of alternative heat-escaping channels implemented with few-layer 

graphene—an excellent heat conductor. The graphene-graphite heat spreaders were 

formed on top of AlGaN/GaN transistors on SiC substrates. Using micro-Raman 

spectroscopy for in situ monitoring we demonstrated that temperature of the hotspots can 

be lowered by ~20 °C in transistors operating at ~13 W/mm
 
, which corresponds to an 

order-of-magnitude increase in the device lifetime. Simulations results support our 

experimental data and indicate that graphene quilts perform even better in GaN devices 

on sapphire substrates. The proposed local heat spreading with materials that preserve 

their thermal properties at nanometre scale represents a transformative change in thermal 

management. 
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3.1 Motivations: Thermal Issues of GaN Based High-Power 

Transistors 

Gallium nitride (GaN) based heterostructure field-effect transistors (HFETs) are 

attractive devices for high-frequency high-power applications [1, 2]. Commercial 

products  of AlGaN/GaN HFETs emerged in 2005 and have developed rapidly since then. 

They have been widely used as power amplifiers or switches in wireless communications 

and radars.  AlGaN/GaN HFETs possess high breakdown voltage [3], which allows high 

drain voltage to be used. The high sheet charge carrier concentration and large saturation 

velocity lead to high saturation current density. Therefore input power density of 

AlGaN/GaN HFETs, measured in watts per millimeter of gate width, could be extremely 

high, resulting in high output power. Amplifiers fabricated using AlGaN/GaN HFETs 

have produced RF power over a wide frequency range up to several hundred watts [4, 5]. 

However, these high power densities inevitably lead to huge amount of heat generation 

and present extreme power dissipation demands.  

Thermal management is a critical issue for the designers of GaN based high-power 

devices. Device temperature rise due to Joule heating  might lead to severe performance 

degradation and reliability issues. Performance degradation of GaN transistors observed 

at elevated device temperature includes degradation of dc drain current, gain and output 

power, as well as an increase in the gate leakage current [6]. Moreover, the mean time to 

failure (MTTF) of GaN transistors decrease exponentially with operation temperature 

increase [6]. For commercial products of AlGaN/GaN HFETs, a reasonable lifetime is 

around 10
6 

hours and correspondingly, the operation temperature should be lower than 
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180 
o
C.  The absolute thermal resistance of a particular device is decided by the heat 

removal capability and there is a simple relation between the dissipation power and 

device temperature rise: thdis RPT  , where Rth is thermal resistance in K/W and Pdis is 

dissipation power. If ΔT is fixed at 180
o
C,  the maximum dissipation power is limited by 

thermal resistance, thus the output power is also limited by heat removal capability. 

Thermal management is the bottle-neck for further increasing output power of 

AlGaN/GaN HFETs. 

Experimental studies and simulation results all prove that non-uniform distribution 

of dissipated power in GaN transistors leads to the formation of micrometer scale 

hotspots near device channels [7, 8] and over-heating at those hotspots directly induce 

performance degradation or even permanent damage. A large number of  methods have 

been used to improve heat removal from GaN devices. The sapphire substrates, with low 

thermal conductivity around 30 W/mk at room temperature, have been replaced by  SiC 

substrates, which have thermal conductivity around 350 W/mk. SiC is more expensive 

and even in GaN transistors on SiC substrate, self-heating can lead to temperature rises, 

ΔT, above 180 °C. The composite substrates [9] and flip-chip bonding [10, 11] were 

utilized to improve the heat removal by reducing the overall thermal resistance on the 

scale of the whole wafer. Despite those efforts, no approaches aim to deal with 

micrometer scale hotspots directly. 

Here I proposed a target-cooling approach that by placing micrometer scale heat 

spreaders close to the hotspots, the temperature rise at hotspots would be reduced 

substantially. And I made proof-of-concept demonstration with AlGaN/GaN HFETs that 
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hotspots temperature of tested device can be substantially reduced via introduction of the 

top-surface heat spreaders made of few-layer graphene (FLG). Thermal conductivity of 

FLG, which is around 2,000 W/mK, is an order of magnitude higher than that of GaN, 

which ranges from ~125 to ~225 W/mk at room temperature [12, 13].The thermal 

conductivity of FLG is also higher than that of any metals used as heat spreaders or heat 

sinks in semiconductor devices. FLG films preserve their excellent heat conduction 

properties even when their thickness decrease to only a few nanometers. Contrary to FLG, 

the thermal conductivity of thin metal films, which is dominated by electrons rather 

phonons, reduces rapidly with decreasing film thickness. Ideally, the heat spreader should 

be made from material with the highest K as possible. We already know that intrinsic 

thermal conductivity of single layer graphene is highest. However, for heat spreaders 

applications, FLG is better than single layer graphene because SLG has limited cross-

section area which forbids large in-plan heat flux. In addition, thermal conductivity of 

FLG is less subject to deterioration due to extrinsic effects, for example, defects and 

disorders at the interface. 

The demonstrated approach for the thermal management of high-power density 

devices is conceptually different from conventional techniques in a sense that it 

specifically targets the hotspots at nanometer and micrometer scale. Instead of trying to 

further reduce the thermal resistance, Rth, of the whole substrate, we introduce the local 

lateral heat spreaders on top of the GaN device structure, which provide additional heat 

escape channels from the hotspots. Progress in graphene-FLG synthesis and transferring 
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graphene films onto arbitrary substrates suggests that the proposed heat spreaders can 

become technologically and economically feasible in the near future. 

 

3.2 Structures and I-V Characteristics of Tested AlGaN/GaN 

HFET 

The AlGaN/GaN HFETs tested in this study were provided to us by our collaborators 

from Rensselaer Polytechnic Institute (RPI). They have layered structure consisting of 30 

nm Al0.2Ga0.8N  barrier layer, which was doped with silicon approximately to 2×10
18

 cm
-3

 

and 0.5 μm thick GaN layer deposited on insulating 4H-SiC substrate. The device 

epilayer structure was grown by low-pressure metal organic chemical vapor deposition 

(MOCVD) method. Ohmic contacts for source and drain were fabricated using Ti (200 

Å)/Al (500 Å)/Ti (200 Å)/Au (1500 Å). For the MOSFET structure, a 10 nm SiO layer 

was deposited on part of the heterostructure using plasma enhanced chemical vapor 

deposition prior to the gate fabrication. Ni (200 Å)/Au (1000 Å) were then deposited in 

between the source–drain electrodes to form gate electrodes. Figure 3.1 shows the 

schematics and optical image of the tested double gate-finger HFET device. Gate length 

and widths are 3.5 μm and 90 μm, respectively. Source drain separation is 12 μm. More 

details about AlGaN/GaN HFETs fabrication could be found in reference [14, 15]. 

DC current-voltage (I-V) characteristics of the AlGaN/GaN HFETs have been tested 

and a typical result is shown  in Figure 3.2 (a). The gate bias changed from 2 V to −4 V 

in  −2 V steps and at each step drain bias was scanned from 0V to 20V. The tested device 
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was completely pinched off at negative gate bias VG = −4 V. The maximum source–drain 

current density of IDS = 0.75 A/mm was obtained at a positive gate bias VG = 2 V. The 

negative slope regions in I-V curves indicate a performance degradation due to Joule 

heating as the dissipated power increases. Those measurement were conducted at room 

temperature. 

 

Figure 3.1 (a) Schematics of the layered structure of tested AlGaN/GaN HFET device. (b) 

Optical image of the tested two-finger device. Gate width is 90µm. Scale bar is 100µm. 

 

The I-V characteristics of tested device at elevated ambient temperature were also 

measured and the result is shown in Figure 3.2 (b).  The device was placed on a hot chuck 
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and the ambient temperature was changed from 30 
o
C to 180 

o
C at 25 

o
C interval. The 

saturation current density, IDS, decreases rapidly with increasing TA. For the given device, 

IDS follows a linear relation where IDS = 0.487 − 0.0014×TA . The obtained I–V 

characteristics and the saturation current degradation with increasing TA are in agreement 

with literature [8, 16] . The data illustrate the importance of temperature effects on 

performance of AlGaN/GaN HFETs. 



32 
 

 

 

Figure 3.2 (a) DC I-V characteristics of tested AlGaN/GaN HFET device measured at 

room temperature. Gate bias varied from 2 V to −4 V at −2 V interval (b) Saturation 

current in AlGaN/GaN HFET without heat spreader biased at VDS = 20 V as a function of 

the ambient temperature. Black squares were experimental data; Red line was obtained 

by linear fitting. The inset shows an optical microscopy image of AlGaN/GaN HFET. 
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3.3 PMMA Assisted Graphene Transfer Method 

According to experimental studies and simulation results, hotspots of AlGaN/GaN 

HFETs are located in the source-drain opening close to the gate electrode [7]. For the 

thermal management applications, graphene lateral heat spreaders need to be placed 

accurately in predetermined locations on top of GaN devices close to the hotspots. We 

applied the polymethyl methacrylate (PMMA) assisted method, with some modifications. 

This method was first invented by Dr. Kim's group to transfer mechanically exfoliated 

graphene flakes onto boron nitride substrate [17]. This method is namely as PMMA 

assisted transfer method because PMMA membrane was utilized as supporting material 

for graphene films during the transfer process. Figure 3.3 shows the procedures of 

transferring graphene heat spreaders on AlGaN/GaN HFET device with PMMA assisted 

method. 

First, we spin coated a layer of photoresist (Shipley 1813) with 3,500 rounds per 

minute (r.p.m.) on a silicon dice and baked it at 110 °C for 90 s. The sample was then 

exposed with ultraviolet light. A second layer of polymer PMMA was spin coated with 

3,500 r.p.m. and baked at 130 °C for 90 s. Then standard mechanical exfoliation method 

was applied to produce graphene on the substrate from highly ordered pyrolytic graphite 

(HOPG). After the coating procedure, FLG films (even the single-layer graphene) can be 

optically identified under the microscope. For this graphene heat spreaders demonstration, 

we intentionally pick up FLG films with large size up to several hundred micrometers.  

Completing the procedure, we immersed the samples in photoresist developer 

(AZ400/H2O = 1:4) and dissolved the photoresist. The PMMA membranes were floated 
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in the liquid. We used a metal slides with a hole in the center to attach the PMMA 

membranes. Note that the locations of the FLG films were roughly estimated to make 

sure that they fell into the holes. After removing the membranes from the liquid, the 

metal slides were mounted on a micromanipulator, which was used for alignment. We 

were able to see the FLG films through the hole under the optical microscope and adjust 

the position of the substrate to place graphene on top of the desired location. The PMMA 

membranes were then dissolved by hot acetone, leaving FLG films attached to the 

substrate. 

Figure 3.4  illustrates the concept of graphene-graphite top-surface heat spreaders 

and Figure 3.5 provides their microscopy images. We carefully avoided short-circuiting 

GaN devices with graphene films, making sure that the graphene heat spreaders extend 

from the drains directly to the graphite heat sinks on the side of the device. The 

micromanipulator, utilized for the alignment, was capable of 1–2 μm spatial resolution 

sufficient for handling transistors with a smaller source-drain separation. An alignment 

tool with submicron resolution allows one to adapt this method for transferring graphene 

heat spreader to much smaller devices with submicron source-drain separation. 
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Figure 3.3 The process of transferring graphene lateral heat spreaders on top of 

AlGaN/GaN using PMMA assisted method. Reprinted with permission from Z. Yan, G. 

Liu, J. Khan and A. A. Balandin, Nature Communications, 3, 827 (2012). 
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Figure 3.4 Schematics of Graphene-graphite heat spreaders for AlGaN/GaN HFETs (a) 

Schematic of FLG-graphite heat spreaders transferred on top of AlGaN/GaN HFET (b) 

Schematic of the layered device structure and the FLG-graphite heat spreaders. Dark blue 

color represents the AlGaN barrier layer. Reprinted with permission from Z. Yan, G. Liu, 

J. Khan and A. A. Balandin, Nature Communications, 3, 827 (2012). 
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Figure 3.5 Microscopy images of FLG heat spreaders attached to AlGaN/GaN HFET (a) 

Optical microscopy image of the graphene films overlapping the metal contact and GaN 

surface demonstrating the heat spreader’s close contact with the surface. Scale bar is 

100μm. (b) Scanning electron microscopy (SEM) image of heat spreader—metal contact 

region and GaN surface. Fake colors were given to different materials  for better 

visualization. The graphene film is indicated with the green color, while metal contacts 

are with the yellow color. Scale bar is 1 μm. (c) SEM image of the heat spreader 

transferred to the drain contact. Scale bar is 10 μm. 
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3.4 Raman Spectra of Graphene/GaN/SiC Layered Structure 

Raman spectroscopy is a non-contact and non-destructive techniques widely used for 

material characterization. It has been previously applied for temperature mapping of in 

AlGaN/GaN HFETs by measuring the temperature-dependent shifts in the Raman peak 

positions [7, 18] . In my dissertation work, Raman spectroscopy was utilized both for 

quality control of FLG and graphite films after the transfer process and for in situ 

monitoring of hotspots temperature, ΔT,  in the powered devices. 

Raman spectra of FLG transferred on AlGaN/GaN HFETs have been measured in 

the backscattering configuration under the 488-nm laser excitation. Figure 3.6 shows a 

typical spectrum from the FLG on AlGaN/GaN/SiC layered structure. The red line shows 

the original Raman peak intensities obtained from experimental data; The blue line shows 

Raman peak intensities multiplied by 10 times in order to show the details of Raman 

peaks with relatively low peak intensity. Characteristic Raman peaks of FLG, GaN and 

SiC could be clearly identified. For example, graphene G peak is around 1580 cm
-1

 and 

2D band is around 2700 cm
-1

. No D peak could be found around 1350 cm
-1

, indicating 

good crystal quality of FLG film. The peaks at ~205, 610, 777 and 965 cm 
− 1

 are the E2 

acoustic, A1 longitudinal acoustic, E2 planar optical and A1 longitudinal optical phonon 

modes of SiC [19]. The narrow peak at 567 cm
-1

 is E2 mode of GaN. 

 The SiC E2 peak at 777 cm
-1 

is sensitive to temperature and has been selected for 

monitoring temperature rise in SiC substrate. This Raman peak shifts to lower 

wavenumber range (red shift) with temperature rise and approximately follows a linear 

dependence. Temperature coefficient of the SiC E2 peak is −0.0144 cm
 −1

 [20]. The 
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measured ΔT corresponds to the top part of SiC substrate—near the GaN channel layer 

because the laser beam was focused on the top surface. 

The temperature dependence of GaN E2 peak position has also been well established 

[21], thus GaN E2 peak can be utilized for monitoring temperature rise in the GaN 

channel layer. The T dependence of  the Raman peak position of GaN E2 peak can be 

described as: 

1]exp[

)(
0

0





Tk

hc
T

B




                                               (3.1) 

where ω0 is the extrapolated Raman peak position at 0 K, h is Plank’s constant, kB is 

Boltzmann’s constant, c is the speed of light, α and β are the fitting parameters.  

  

Figure 3.6 Raman spectra of FLG on top of AlGaN/GaN structure on SiC substrate. 
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3.5 Experimental Demonstration of Device Cooling by Graphene 

Heat Spreaders 

The AlGaN/GaN HFETs with the heat spreaders and the reference HFETs without the 

heat spreaders have been wire-bonded and placed under the Raman microscope 

(Renishaw inVia Raman system). DC bias was applied to the tested devices and 

temperature rise, ΔT,  due to self-heating in the device channel was monitored by the 

Raman peak positions. The laser spot size was ~1 μm. Laser power on the sample surface 

was well below ~2 mW. As GaN and SiC are wide-bandgap semiconductors, most of the 

laser light (wavelength 488 nm) goes through the substrate without absorption. Our 

measurements indicated that taking into account the light reflection, the heating due to 

light absorption was on the order of ~0.2 mW. Thus, the laser-induced local heating was 

negligible compared with the power dissipated by the transistors (above ~10 W/mm ). 

Figure 3.7 shows GaN E2 phonon peak in the Raman spectra of two AlGaN/GaN 

devices with and without the heat spreaders. The devices were located on the same wafer 

and had the same layered structure and dimensions. The laser spot was focused at the 

channel region between the gate and the drain, closer to the gate, where ΔT is expected to 

be the highest. The source-drain bias, VDS, was varied from 0 to ~20 V with the 4V 

intervals. The Raman peak position shifted to lower wavenumbers with increasing VDS, 

indicating temperature rise with increasing dissipation power due to  Joule heating effect. 

At the power density, P, of ~12.8 W/mm, the temperature rise, ΔT, was 92 °C for the 

AlGaN/GaN HFET with the graphene–graphite heat spreaders and ΔT = 118 °C in the 

HFET without the heat spreader. In this specific example, the same P was achieved in the 
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latter devices at 22 V due to small variations in the current–voltage characteristics (I–V). 

The corresponding ΔT measured in the top region of SiC substrate was 44 and 30 °C in 

the HFETs without and with the heat spreader, respectively. Our experimental data 

indicate that even at the moderate P, the graphene–graphite heat spreaders can help to 

reduce the hotspot temperature in AlGaN/GaN HFETs 

The effective improvement of the heat removal capability of AlGaN/GaN HFETs by 

graphene-graphite heat spreaders and resulting device temperature reduce directly 

improve the I-V performance of tested device at high power density. Figure 3.8 provides 

direct comparison of I–V characteristics of the HFETs with (solid lines) and without 

(dashed lines) graphene–graphite heat spreaders. At VG = 2 V, IDS increased from 0.75 

A/mm to 0.84 A/mm, 12% improvement as a result of better heat removal with the top 

lateral heat spreaders. At VG = 0 V, IDS increased from 0.47 A/mm to 0.51 A/mm, which 

is 8% improvement. At VG = −2 V, the current density almost remained the same after 

introduction of the heat spreader owing to the low dissipation power density at this 

negative gate bias. These experiments present a direct evidence of the improvement in the 

AlGaN/GaN HFET I-V performance with the top-surface heat spreaders. 
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Figure 3.7 GaN E2 peak shift in AlGaN/GaN HFET at different source-drain bias. (a) 

Without graphene heat spreaders (b) With graphene heat spreaders. Smaller Raman peak 

position shift corresponds to lower device temperature rise. 

 



43 
 

. 

Figure 3.8 Comparison of I-Vs of AlGaN/GaN HFETs with (dashed lines) and without 

(solid lines) graphene heat spreaders. 

 

3.6 Numerical Simulation of Heat Dissipation in AlGaN/GaN 

HFETs 

I simulated the heat dissipation in the investigated AlGaN/GaN HFETs device structure 

with and without graphene heat spreaders and compared the simulation results with 

experimental data. The simulation was based on a finite element analysis method 

accomplished by COMSOL software. Heat conduction was modeled by numerically 

solving Fourier’s law,  QTK  )( , where Q is the heat source, defined as the heat 

generated within a unit volume per unit time, T is the absolute temperature, and K is the 

thermal conductivity. Known the geometry of simulated device structure, the amount of 
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heat generated, thermal conductivities of each layers and the boundary conditions, 

numerical simulation could generate temperature profile in the investigated device 

structure.  

The schematic of simulated device structure is as shown in Figure 3.4. The overall 

dimension of the simulation domain in the direction of the device channel was 600 μm , 

which is much larger than the device feature size. The thickness of SiC, GaN, AlGaN and 

SiO2 layers were 400 μm, 500 nm, 30 nm and 10 nm, respectively. Their corresponding 

thermal conductivities were taken from literature to be K = 350, 160, 120 and 1.4 W/mK, 

respectively. Thermal conductivity of FLG was assumed to be 2,000 W/mK . Thermal 

boundary resistance (TBR) at the GaN-SiC interface has an important role in self-heating 

effects of the AlGaN/GaN HFETs [22]. The TBR value used here was 1.5×10 
− 8

 m
2
K/W 

which is consistent with reported data [23,24].  

To make sure that the assumed K-values for the layers are reasonable, we measured 

the effective thermal conductivity of the whole AlGaN/GaN/SiC device structure. The 

measurements were performed using the ‘laser-flash’ technique. The effective K for the 

whole structure was measured as 300 ± 56 W/mK  at RT. This value is in line with the 

data calculated from each individual layer with the assumed thermal conductivities and 

taking into account the contributions of TBR at GaN/SiC interfaces. 

The thickness of the gate electrode was 120 nm and the thickness of the drain and 

source electrode was 240 nm. Considering that the main component of the electrodes was 

gold, we used K = 320 W/mK at RT. The heat source had rectangular shape with the 4-

μm width and 10-nm thickness. It was placed at the interface of AlGaN and GaN layers, 
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at the drain-gate opening, near the gate side. TBR at GaN–substrate interface affects self-

heating effect in GaN transistors. TBR was modeled with a virtual thermal isolation layer 

of the small thickness, h, between the GaN channel and SiC substrate. The effective 

thermal conductivity of this layer was defined as K = h/RB, where RB is TBR at the GaN–

SiC interface.  

The heat diffusion was simulated by numerically solving the Fourier’s equation with 

proper boundary conditions. The bottom of SiC substrate and the left side of graphene 

heat spreader were kept at a constant temperature T0 = 25 °C. Other external boundaries 

were modeled as adiabatic condition. 

I simulated heat distribution in AlGaN/GaN HFETs with and without graphene heat 

spreaders at P =12.8 W/mm and the results are shown in Figure 3.9. Without graphene 

heat spreaders, simulation gave ΔT = 119 
o
C for the hotspot, which is in excellent 

agreement with the measured ΔT = 118 
o
C. With graphene heat spreaders, the simulated 

ΔT = 102 
o
C is in agreement with the experimental data within ~10% uncertainty.  

With this validated model we can test different graphene-graphite heat spreaders and 

optimize our designs. During the experimental demonstration, limited by the size of 

graphene-graphite heat spreader, the lateral heat sink is several hundred micrometers 

away from the hotspots. In principle, the same device structures with closely located heat 

sinks might offer higher temperature reduction. We simulated a FLG with number of 

atomic layer n = 10 as heat spreader and the heat sink was located at a distance, D , of 10 

μm and 1 μm from the drain contact. The results are shown in Figure 3.10. 
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Figure 3.9 Simulated temperature profiles in AlGaN/GaN HFETs at dissipation power P 

= 12.8 W/mm. (a) With graphene-graphite heat spreaders. Maximum  T = 144 
o
C, ΔT = 

119 
o
C.  (b) Without heat spreaders.  Maximum T = 127 

o
C, ΔT = 102 

o
C. 

 

The performance of graphene-graphite heat spreaders strongly depend on the 

distance between the lateral heat sink and device channel, where the hotspots locate. In 

the practical designs, the nearby heat sinks attached to the top-surface heat spreaders can 

be implemented with the vertical thermal vias. It is clear from the simulation results that 
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the bulk of heat still dissipates through the substrate to the bottom, which serves as a 

global heat sink. The role of the graphene-graphite heat spreader is to locally redistribute 

the dissipated power and lower the temperature of the hotspot near the drain. 

The performance of graphene-graphite heat spreaders become more pronounced in 

AlGaN/GaN HFETs fabricated on sapphire substrate. Sapphire is a common substrate 

used for AlGaN/GaN HFETs fabrication, which is less expensive than SiC but has lower 

thermal conductivity, ~ 30 W/mk. Figure 3.11 shows the T profile in AlGaN/GaN HFETs 

on sapphire without (Fig. 3.11 a) and with (Fig. 3.11 b) graphene-graphite heat spreader 

operating at P = 3.3 W/mm. The data show that by introducing the graphene-graphite 

heat spreader with the heat sink at D = 10 μm,  a drastic 68 
o
C reduction in the hotspot 

temperature can be achieved. The experimentally observed and computationally predicted 

reduction in ΔT can lead to more than an order-of-magnitude increase in MTTF of GaN 

HFETs. 
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Figure 3.10 Simulated temperature profiles in AlGaN/GaN HFETs at dissipation power P 

= 16.8 W/mm with graphene-graphite heat spreader. (a) Heat sink located at D = 10 μm. 

The maximum temperature is T = 164 °C. (b) Heat sink located at D = 1 μm. The 

maximum temperature is T = 150 °C. 
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Figure 3.11 Simulated temperature profiles in AlGaN/GaN HFETs on sapphire substrate  

at dissipation power P = 3.3 W/mm. (a) Without graphene-graphite heat spreader. The 

maximum temperature is T = 181 °C. (b) With gaphene-graphite heat spreader. The 

maximum temperature is T = 113 °C. 
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3.7 Discussion 

There are several things that I need to discuss to elucidate the scientific and technological 

importance of this work.  With this experimental demonstration of thermal management 

of high-power AlGaN/GaN HFETs with graphene-graphite heat spreaders, we proposed a 

target-cooling idea that by placing effective lateral heat spreaders close to the hotspots of 

an individual device, the hotspots temperature can be reduced substantially and the 

device performance and reliability could be improved correspondingly. This idea is 

conceptually different from conventional thermal solutions which aim to reduce the 

overall thermal resistance of the entire device structures with packaging design. It is 

already well known that micrometer scale or even nonometer scale hotspots formed in the 

high-power electronic devices due to non-uniform heat dissipation are the reasons of 

thermal induced performance degradation.  

We can simplify the heat dissipation in a electronic device into two steps, first heat 

dissipation from hotspots to nearby surroundings, then from nearby surroundings to the 

heat sinks. The bottle-neck of heat removal is the firsts step. Target-cooling approach 

implemented by lateral heat spreads aims to improve heat dissipation from hotspots to the 

nearby surroundings. In principle, this approach can be combined with other conventional 

techniques like flip-chip bonding to further improve heat removal capabilities. 

For the purpose of target-cooling, heat spreaders made of high-thermal-conductivity 

materials with dimensions down to micrometer or even nonometer scale need to be found. 

Conventionally, metals have been widely used as heat spreaders and heat sinks for 

semiconductor devices. However, it is well known that the thermal conductivity of metal 
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films rapidly decreases with the film thickness [25-27]. The thermal conductivity of  

metal film, KF, decreases to only ~ 20% of the bulk value, KM, at the film thickness 

H≈100 nm. For example, the thermal conductivity of the gold film on etched Si for H 

approaching the electron mean free path Λ≈41 nm is KF≈0.2×KB [27]. The expected 

down-scaling for aluminum films would give KF = 26 – 48 W/mK  considering that the 

bulk RT KM value for aluminum ranges from ~130 to 240 W/mK, depending on its purity 

and quality. The drastic degradation of the heat conduction properties of metal films is 

due to the increased electron scattering from the rough surfaces of the films and the 

polycrystalline grain boundaries. The surface roughness of thin metal films is usually 

rather high, leading to stronger diffusive phonon scattering from interfaces. 

Contrary to metals, graphene and FLG reveal high thermal conductivities at 

nanometer scale thin films, which is dominated by the acoustic phonons owing to the 

strong sp
2
 bonding of their crystal lattices. It has been shown both experimentally and 

theoretically that the thermal conductivity of FLG is close to the bulk graphite limit of 

~2,000 W/mK  all the way to the few-nanometer. For this reason, the thermal 

conductivity of FLG is larger than that of thin metal films almost by two orders of 

magnitude leading to substantial differences in the heat fluxes when these materials are 

used as heat spreaders. The benefits of FLG as the material for heat spreaders can become 

even more pronounced if the isotropically pure graphene grown by the chemical vapour 

deposition (CVD) is used. It has been recently reported that the thermal conductivity of 

the isotropically engineered graphene is a factor of two higher than that of the natural 

graphene, which translates to an increase by ~1,000 W/mK  near RT. 
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To compare the performance of graphene and metal heat spreaders directly, I 

simulated temperature profile in AlGaN/GaN HFET structure with the metal heat 

spreaders using our validated numerical model. Considering the best case scenario for the 

metal, I assumed its thermal conductivity to be 320 W/mK , which corresponds to a bulk 

gold or copper. The layered structure and geometry was selected to be exactly the same 

as in the HFETs with graphene heat spreaders. The simulation results showed that device  

temperature increased by ~ 10 
o
C in AlGaN/GaN HFET connected to metal heat 

spreaders compared with same device connected to FLG heat spreaders at same 

dissipation power. The difference in thermal management performance of FLG heat 

spreaders and metal heat spreaders will be even stronger if the thermal conductivity 

reduction in thin metal films have been taken into account.  

Another thing I want to discuss is the thermal boundary resistance between graphene 

layer and the supporting layer underneath, the GaN layer in this case. This boundary 

resistance was not taken into account in the previous numerical simulation results. It was 

previously found that the TBR between graphene or graphite and various substrates is 

relatively small, on the order of 10 
− 8

 m
2
K/W  at RT and does not strongly depend on the 

interfacing material [28-30]. Our experimental results also indicate that thermal coupling 

between transferred FGL and the AlGaN/GaH HFET device structure is sufficient for 

heat transfer. It is reasonable to assume that FLG grown directly on the layered structure 

will have stronger thermal coupling.  

The practical applications of graphene-graphite heat spreaders can be implemented 

with FLG grown and patterned directly on the GaN or other substrates rather than with 
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FLG transferred to GaN device structures. Fast progress in graphene growth by CVD and 

other techniques [31-33], its patterning and transferring methods, make this prospect 

feasible. The exotic electrical and thermal properties of graphene stimulated interest to 

CVD growth of FLG on various substrates, which, in turn, can make integration of FLG–

graphite with various semiconductors and metals available in the near future. The 

proposed FLG heat spreaders can become important industry-scale thermal application of 

graphene and related sp
2
 carbon materials. They can also provide an additional impetus 

for further development of the GaN-based high-frequency high-power technology. 

3.8 Summary 

In Chapter 3, I systematically discusses a research project of utilizing graphene-graphite 

heat spreaders for thermal management of high-power AlGaN/GaN HFETs. The 

motivation of this project lies in the sever challenge of thermal management in the 

designing of GaN based high-power devices. We developed a method to transfer 

mechanical exfoliated graphene-graphite flakes onto AlGaN/GaN HFETs with precisely 

controlled location to form lateral heat spreaders. Using micro-Raman spectroscopy for in 

situ monitoring we demonstrated that temperature of the hotspots can be lowered by 

~20 °C in transistors operating at ~13 W/mm
 
, which corresponds to an order-of-

magnitude increase in the device lifetime. Simulations results support our experimental 

data and indicate that graphene-graphite heat spreaders perform even better in GaN 

devices on sapphire substrates. With this experimental demonstration of improved heat 

removal capability of high-power electronic devices via introducing lateral heat spreaders 
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close to the hotspots region, we proposed a target-cooling idea that aim to deal with 

micrometer scale or even nanometer scale hotspots directly. The proposed local heat 

spreading with materials that preserve their thermal properties at nanometre scale 

represents a transformative change in thermal management.  

The major results of this project have been published in Nature Communications, Z. 

Yan, G. Liu, J.M. Khan and A.A. Balandin “Graphene quilts for thermal management of 

high-power GaN transistors”Nature Communications 3, 827 (2012).  
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Chapter 4 Raman Spectroscopy and Thermal Properties of 

Graphene Nanoribbons Encapsulated in Single-Walled Carbon 

Nanotubes 

A novel nanotructured material- graphene nanoribbons (GNRs) encapsulated in single-

walled carbon nanotubes (SWCNTs) has been synthesized using thermal induced fusion 

of coronene and perylene molecules. Raman spectrum of GNRs-inside-SWCNTs have 

been studied and the temperature coefficients of G band and 2D band have been 

measured. Using a modified Raman optothermal technique, thermal conductivities of thin 

films consisting of GNRs-inside-SWCNTs have been measured in the range of 30~50 

W/mk. Theoretical considerations suggest that this novel structured material could be 

promising fillers for thermal interface material. 

 

4.1 Novel Nanotructured Material- GNR Encapsulated in SWCNTs 

Recently, a novel nanostructured material - graphene nanoribbons (GNR) encapsulated 

inside individual single-walled carbon nanotubes (SWCNTs) has been synthesized [1]. 

First principal simulations suggest that the electronic structure of the GNRs-inside-

SWCNTs remains the same as in the free-standing GNRs indicating possible applications 

in nanoelectronics and photonics. The material can be prepared in the form of a thin film 

deposited on various substrates. The thermal properties of GNR encased inside SWCNTs 

can vary greatly depending on various structural parameters. In this chapter, I report the 
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experimental studies of Raman spectroscopy and thermal conductivities of the thin films 

consisting of the entangled SWCNTs with GNRs encased inside them. The films were 

placed on thermally insulating fused silica substrates. The measurements were performed 

using a modified Raman optothermal technique [2]. The Raman spectrum of GNRs-

inside-SWCNTs thin films revealed the G peak and 2D band typical for sp
2
-bonded 

carbon allotropes together with the radial breathing mode (RBM), which is a unique 

feature of SWCNT. The temperature coefficients of the Raman G peak and 2D band were 

determined by measuring Raman spectrum at the low-power excitation levels and varying 

the temperature of the samples externally in a cold-hot cell. Then the excitation power of 

the Raman laser was increased to induce local heating. The local temperature rise due to 

laser heating was calculated from the shift in the Raman peak positions. Finite element 

analysis method with COMSOL software was performed to simulate heat diffusion in the 

studied sample structure and the thermal conductivity value were extracted by data 

fitting . It was found that the thermal conductivity of the GNR-inside-SWCNTs thin film 

is in the range of ~ 30 – 50 W/mK. This value is similar to the thermal conductivities 

measured in thin films made of conventional randomly entangled CNTs. Theoretical 

considerations suggest that GNRs encased inside SWCNTs can be promising fillers for 

the thermal interface materials [3].  

The sample of graphene nanoribbons encapsulated in SWCNTs were synthesized 

using thermal induced fusion of coronene and perylene molecules. Coronene is a large 

polycyclic aromatic hydrocarbon (PAH) molecule which consists of six carbon hexagons 

fused into a ring whereas perylene consists of five hexagon rings. SWCNTs provided 
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one-dimensional geometry restriction that the molecules had to be aligned in this 

direction to form graphene nanoribbons. SWCNTs were synthesized by aerosol CVD 

method based on CO decomposition on iron particles produced by pyrolysis of ferrocene 

vapour as described elsewhere [4]. SWCNTs were transferred as thin film onto fused 

silica substrate and opened using 3 steps oxidation treatment: (1) 30 min annealing on air 

at 380 oC; (2) removal of Fe catalyst using 15 min treatment with 15% solution of HCl (3) 

second annealing at 380 
o
C for 30 minutes. Opened SWCNTs were loaded with coronene 

powder (Sigma Aldrich, 97%)  in stainless steel containers sealed under argon in glove 

box (0.5 ppm air and 1.5 ppm water) at ambient pressure. The containers were subjected 

to heat treatment at 450 
o
C for 24 hours. Residual unreacted coronene was removed by 24 

hours washing in toluene and then the sample was additionally annealed under 60 Bar 

hydrogen gas at 750 
o
C in order to sublimate away dicoronylene and to remove other 

carbon contaminations form outer surface of nanotubes. Those samples were synthesized  

at the Department of Physics, Umeå University, Sweden and provided to us for Raman 

spectroscopy and thermal studies. More details about the synthesis of this sample could 

be found in reference [1]. 

Figure 4.1 (a) shows the schematics of a individual SWCNTs with GNR encased . 

The structures of coronene and perylene molecules are shown in Figure 4.1 (b) together 

with the suggested structures of nanoribbons formed using coronene and perylene 

precursors. Since these thermal induced fusion reactions took place in quasi-one-

dimensional SWCNT, those coronene and perylene molecules were forced to align along 

the direction of CNT tube and form graphene nanoribbons.  
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Figure 4.1 (a) Schematics of individual SWCNT with graphene nanoribbon encased. 

Both SWCNT and GNR consist of sp
2
 bonded carbon atoms. Here white color and purple 

color are introduced to distinguish the carbon atoms in SWCNT and GNR (b) Structures 

of perylene and coronene molecules and suggested nanoribbons forming with them. 
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The optical microscope image of the studied thin film on silica substrate has been 

shown in Figure 4.2. Scale bar is 100 μm. Large area, on the order of few hundred μm
2
, 

thin film of uniform surface could be seen. The thickness of this thin film was measured 

by a profilometer to be around 110 nm.  

 

 
Figure 4.2  An optical microscope image of the thin film of GNRs-inside-SWCNTs on 

silica substrate. Scale bar is 100 μm.  

 

4.2 Raman Spectroscopy of GNRs Encapsulated in SWCNTs 

Raman spectroscopy is a powerful tool in the study of sp
2
 bonded carbon allotropes 

including carbon nanotubes and graphene [5-7].  It has been demonstrated that micro-

Raman spectroscopy can be used for unambiguous and high-throughput identification of 

the exact number of the graphene layers [7] which is essential for graphene based device 
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fabrication and applications. Micro-Raman spectroscopy could also be applied to monitor 

local temperature rise and measure thermal conductivity of graphene [8-10] and carbon 

nanotubes [11].  

Raman spectra of graphene nanoribbons encapsulated in SWCNTs were studied and 

the measurement was carried out using a Renishaw micro-Raman spectrometer in the 

backscattering configuration under 488 nm laser excitation. Figure 4.3 (a) shows the 

obtained Raman spectrum of SWCNTs with graphene nanoribbons encased. This 

spectrum is very typical for sp
2
 bonded carbon allotropes and it's dominated by the 

Raman signals of SWCNTs. The d band around 1350 cm
-1

, G band around 1580 cm
-1 

and 

2D band around 2640 cm
-1 

could be found in the spectrum as well as radial breathing 

mode (RBM) around 200 cm
-1

, which corresponds to the radial expansion-contraction of 

nanotube. And from the peak position of RBM we can estimate that diameter of 

SWCNTs contained in this film is around 1.3 nm [5]. Figure 4-3 (b) shows the zoomed in 

spectrum around G band. G band splits into 3 peaks, G
+
 peak around 1594.6 cm

-1
, G

- 

peak around 1572.2 cm
-1 

and a tiny BWF mode around 1530 cm
-1

. The mechanism of G 

band splitting in the Raman spectrum of SWCNTs has been well studied before [5]. 
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Figure 4.3 Raman spectroscopy of GNRs encapsulated in SWCNTs. (a) Raman spectrum 

of GNRs encapsulated in SWCNTs covering from 100 cm
-1

 to 3500cm
-1

.
 
Inset shows 

zoomed in spectrum of RBM (b) Zoomed in G band spectrum from 1400 cm
-1 

to 1700 

cm
-1

. It consists of three Lorentzian peaks. G
+
 peak around 1594.6 cm

-1
, G

- 
peak around 

1572.2 cm
-1 

and BWF mode around 1530 cm
-1 
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The temperature dependence of the Raman peak positions of G
+ 

peak and 2D peak 

were measured in the temperature range from -80 
o
C to 110 

o
C at 10

  o
C interval and the 

results are shown in Figure 4.4 (a) and (b) respectively. The sample temperature was 

controlled externally by a cold-hot cell with 0.1
 o
C accuracy. Low laser excitation power, 

below 0.24 mW, was used to avoid local heating induced by Raman laser. Both G
+ 

peak 

and 2D peak positions move to lower wavenumber range, namely red shift, when the 

temperature keep increasing. In the measured temperature range, the temperature 

dependence of G
+ 

peak and 2D peak positions can be approximately represented by a 

linear relation: 

T  0                                                          (4-1) 

where 0  is the frequency of Raman peak when temperature T is extrapolated to 0 K and 

 is the first order temperature coefficient. The extracted temperature coefficients of G
+ 

peak and 2D peak are 02.0G
  cm

-1
/
o
C and 027.02 D  cm

-1
/
o
C respectively. We 

can compare these results with the temperature coefficient of graphene Raman peaks and 

SWCNT Raman peaks which have been well studied in previous works. The temperature 

coefficient of G peak and 2D peak of single layer graphene are -0.016 cm
-1

/
o
C and -0.032 

cm
-1

/
o
C [8] and the temperature coefficient of G peak of SWCNT has been measured as -

0.019 cm
-1

/
o
C [12]. After obtaining the temperature coefficients of G

+ 
peak and 2D peak, 

Raman spectroscopy can be used as a thermometer to measure the local temperature rise 

in the thin film of GNRs encapsulated in SWCNTs. 
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Figure 4.4 (a) Temperature dependent Raman peak shift of G

+ 
peak and calculated 

temperature coefficient. (b) Temperature dependent Raman peak shift of 2D
 
peak and 

calculated temperature coefficient. 
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4.3 Local Heating Effects Introduced by Raman Excitation Laser 

During the Raman temperature coefficients measurement, the Raman excitation power 

was low in order to avoid local heating introduced by laser power dissipation. In the 

following measurement, Raman laser excitation power was increased to 2.4 mW and the 

local temperature rise in the sample introduced by Raman laser was monitored by the 

shift of Raman peak  positions. Figure 4.5 (a) and 4.5(b) compare the G band and 2D 

band shift at low excitation power with the Raman peak shift at high excitation power 

and the local temperature rise could be extracted from the difference in Raman peak 

positions. Raman peak position of G
+ 

peak shifted from 1598.7 cm
-1 

to 1594.7 cm
-1

, from 

which a -4.0 cm
-1

 peak shift could be calculated . And the G
+ 

peak temperature 

coefficient, 02.0G
  cm

-1
/
o
C, was already obtained in the previous steps. Local 

temperature rise was extracted as 200 
o
C according to G

+ 
peak shift. Similarly, 2D peak 

shifted from 2639.6 cm
-1 

to 2634.1 cm
-1 

and temperature rise was extracted as 203 
o
C. 

The temperature rise calculated from 2D peak shift was consistent with the value 

calculated from G
+ 

peak shift, which could also validate the accuracy of Raman 

temperature coefficients measured in this work. 
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Figure 4.5  (a) G band and (b) 2D band shift induced by high intensity Raman excitation 

laser. 
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4.4 Thermal Conductivity of GNRs- inside-SWCNTs thin film 

Heat dissipation in the studied sample structure was simulated by the finite element 

analysis method using COMSOL software and the effective thermal conductivity value of 

the GNRs-inside-SWCNTs thin film was extracted. The heat conduction was modeled by 

numerically solving Fourier’s law 

                                               QTK  )( (4-2) 

where Q is the heat source, defined as the heat energy generated within a unit volume per 

unit time, T is the absolute temperature, and K is the thermal conductivity. Usually for the 

heat dissipation simulation, the heat source, which can be calculated from dissipation 

power, and thermal conductivity values of different material contained in the sample 

structure are given parameters, combined with valid boundary conditions, the temperature 

profile in the simulated sample structure could be obtained as the output of simulation. In 

this work, we tried to solve a reversed problem where temperature rise was 

experimentally obtained from Raman peak shift, while the thermal conductivity value of 

the thin film was unknown. For the given dissipation power, an initial value of thermal 

conductivity of the thin film was assumed to be K0 . Numerical simulation gave a 

modeled temperature rise ΔT0 and it was compared with experimental data ΔT. If ΔT0 was 

larger (smaller) than ΔT, the value of thermal conductivity K was increased (decreased) in 

the next run until the simulated temperature rise matched the experimental data and the 

final value of K was obtained. The final results of numerical simulation of heat 

dissipation in the studied sample  are shown in Figure 4.6.  
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The schematics of simulated device structure is shown in Figure 4.6 (a). The 

diameter of simulated domain is 100 μm; the thickness of GNR-inside-SWCNT film is 

110 nm and the thickness of silica substrate is 1 mm. The silica substrate was placed on 

an ideal heat sink with temperature fixed at 300 K. Adiabatic conditions were assumed at 

other external boundaries. Figure 4.6 (b) shows the temperature profile on the top surface 

of studied sample structure and Figure 4.6 (c) shows the temperature profile on the Zr-

cross-section of studied sample structure. The effective thermal conductivity of GNR-

inside-SWCNT thin film was obtained as 41 W/mk. Similar measurements on similar 

samples with different film thickness gave thermal conductivity values in the range of 

30~50 W/mk. 

 

Figure 4.6 (a) Schematics of the simulated device structure. The diameter of simulated 

domain is 100 μm. The thickness of the silica substrate and the thin film of GNRs-inside-

SWCNTs are 1 mm and 110 nm respectively. 
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Figure 4.6 (b) Numerical simulation results of temperature profile on the top surface of 

the studied sample structure. The diameter of laser spot is 1 μm. (c) Temperature profile 

on the Zr-cross-section of the studied sample structure. 
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4.5 Discussions 

Several things need to be discussed about the thermal conductivity values obtained here. 

Theoretical and experimental studies have revealed that thermal conductivities of sp2 

bonded carbon allotropes may vary dramatically. Table 4.1 compares thermal 

conductivity value of GNRs-inside-SWCNTs thin film obtained in this work with the 

values of other sp2 bonded carbon allotropes.  Individual SWCNT has high thermal 

conductivity at room temperature, up to 3000 W/mK. The intrinsic thermal conductivity 

of single-layer graphene is up to 5000 W/mK at room temperature. Thermal 

conductivities of graphene nanoribbons reduce to ~ 1100 W/mK due to phonon boundary 

scattering. From above results, it's reasonable to assume that thermal conductivity of 

individual SWCNT with GNRs encased will be above few hundreds. However, 

experimental measurement was not available with these samples. What we obtained here 

was the effective thermal conductivities of thin films of randomly entangled SWCNTs 

with GNRs encased. So the values are close to the thermal conductivities measured in 

two-dimensional films made of randomly entangled CNTs. 

In the next step, our cooperators are trying to use some alignment method to prepare 

the SWCNTs, which in principle will enable the synthesis of well aligned GNRs-inside-

SWCNTs samples. There are several methods reported regarding to the alignment of  

SWCNTs [13-15]. So hopefully the technique obstacles that we are facing in synthesizing 

well aligned GNRs-inside-SWCNTs will be overcome soon. Then we will use the 

technique established in this dissertation research to study the thermal conductivity value. 
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We will also attempt to measure the thermal conductivity of individual SWCNT with 

GNRs encased.  

These novel nanostructured material may find potential applications in thermal 

management. Recently, graphene flakes have been proven as promising fillers for thermal 

interface material (TIM) [3]. Theoretical considerations suggest that GNRs encased 

inside SWCNTs can also be promising fillers for the TIM applications. The SWCNTs 

shield GNRs from external environment, which may protect GNRs from contaminations 

and preserve good thermal properties. Further experimental and theoretical studies are 

required in order to clarify the fraction of heat transported via CNTs and GNRs and the 

main mechanisms limiting thermal conductivity in such composite materials. 

 

Table 4.1 Thermal conductivities of sp
2
 bonded carbon allotropes 

Sample  K (W/mk) Method Ref 

2D films of GNRs-

inside-SWCNTs 

30~50 Raman Optothermal This work 

Single layer graphene 2000~5000 Raman Optothermal [9] 

Graphene nanoribbons ~1100 Electrical self heating [16] 

Individual CNT ~6600 MD simulation [17]  

Individual CNT ~3500 Electrical self heating [18] 

2D CNT film 15 Pulsed photothermal 

reflectance technique 

[19] 

2D MWCNT sheet 50 Self-heating 3ω [20] 

3D compact 4.2~2.8 Laser flash [21] 

 

4.6 Summary 

Chapter 4 discusses the Raman spectroscopy study and thermal properties of a novel 

nanostrucutred material - graphene nanoribbons (GNRs) encapsulated in single-walled 
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carbon nanotubes (SWCNTs). These material has been synthesized using thermal 

induced fusion of coronene and perylene molecules. Raman spectrum of GNRs-inside-

SWCNTs have been studied and the temperature coefficients of G
+
 peak and 2D peak 

have been measured. With the obtained Raman temperature coefficients, Raman 

spectroscopy can be utilized as thermometer to monitor local temperature rise in the thin 

films of GNRs-inside-SWCNTs. Using a modified Raman optothermal technique, 

effective thermal conductivities of the thin films have been measured in the range of 

30~50 W/mk. Theoretical considerations suggest that this novel structured material could 

be promising fillers for thermal interface material. 
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Chapter 5  Conclusions 

5.1 Summary of Dissertation 

Thermal management has become a severe challenge for the development of high-power 

density semiconductor devices. Micrometer scale or even nonometer scale hot spots may 

form in the active device channel, leading to device performance degradation and 

reliability issues.  Finding new materials with high thermal conductivity as heat spreaders 

is an attractive approach to improve heat removal capability of modern electronic devices.  

Graphene is a promising candidate material for heat spreader applications. 

Graphene and few layer graphene flakes have high thermal conductivity. Unlike 

metals, the heat transport is mainly dominated by phonons, so graghene can maintain 

high thermal conductivity when the thickness reduces to few nonometers. The planar 

two-dimensional geometry of graphene provides good compatibility of conventional 

lithography and etching techniques established in semiconductor industry. And the rapid 

progress in the chemical vapor deposition (CVD) growth of graphene has led to 

fabrication of large-area graphene layers that are transferable onto various substrates. It's 

reasonable to predict that a reliable method to synthesize high-quality large-scale 

graphene film will be developed in the near future and the mass production of graphene 

will be available in semiconductor industry. All above reasons explain why we are 

interested in graphene heat spreaders. 

In this dissertation, we propose a target cooling approach implemented with 

graphene-graphite heat spreaders to improve heat removal capabilities of high-power 
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density electronic devices. We have made proof-of-concept demonstration on 

AlGaN/GaN HFET which is  a example of high-power density electronic devices. 

Thermal management of GaN transistors can be substantially improved via introducing 

graphene-graphite heat spreaders, which were transferred on top of AlGaN/GaN 

transistors on SiC substrates. Using micro-Raman spectroscopy for in situ monitoring we 

demonstrated that temperature of the hotspots can be lowered by ~20 °C in transistors 

operating at ~13 W/mm
 
, which corresponds to an order-of-magnitude increase in the 

device lifetime. Simulations results support our experimental data and indicate that 

graphene quilts perform even better in GaN devices on sapphire substrates. The proposed 

local heat spreading with materials that preserve their thermal properties at nanometre 

scale represents a transformative change in thermal management. 

This dissertation also explores the Raman spectroscopy and thermal properties of a 

anovel nanostrucutred material - GNRs-inside-SWCNTs. This material was synthesized 

using thermal induced fusion of coronene and perylene molecules. Raman spectrum of 

GNRs-inside-SWCNTs was studied and the temperature coefficients of G
+
 peak and 2D 

peak were measured. With the obtained Raman temperature coefficients, Raman 

spectroscopy can be utilized as thermometer to monitor local temperature rise in the thin 

films of GNRs-inside-SWCNTs. Using a modified Raman optothermal technique, 

effective thermal conductivities of the thin films were measured in the range of 30~50 

W/mk. Theoretical considerations suggest that this novel structured material could be 

promising fillers for thermal interface material. 
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