
ABSTRACT 

 

ZHENG, HAI. Investigation of Thermal Conductivity of Thin Films and Interfacial Thermal 

Conductance between Dissimilar Materials using the Transient Thermo Reflectance Technique. 

(Under the direction of Dr. Jagannadham Kasichainula.) 

 

The transfer of thermal energy within materials is a fundamental area of engineering study. 

Modern semiconductor based devices suffer from undesirable heating problem that significantly 

limits the performance of high electron mobility transistor and laser diodes and calls for quick heat 

dissipation. Lower thermal conductivities are desirable to improve the figure of merit and hence to 

improve thermal energy-electricity conversion in thermoelectric devices.  In order to strengthen 

thermal management in the modern electronic industry, it is necessary to understand the factors that 

have significant influence on these thermal effects. 

An outline of the heat transfer processes and mechanisms are provided in the introduction. A 

brief background of various thermal characterization techniques including Transient thermo 

reflectance (TTR) techniques will be presented. TTR was used to determine thermal transport 

properties of various thin films: graphene-metal composites (In-graphene, Cu-graphene and Ti-

graphene), laser or plasma treated graphene, semiconductors (GeSi, GaAs and GaN), metals (Al, Au, 

Sn, Zn, In and Cu) and BiSbTe compound thermoelectrics. In addition, interfacial thermal 

conductance at the interface of the thin films and transducer film (In, Al or Au), and the interface of 

thin films and various substrates (silicon, sapphire or copper etc.) were measured as well by a two or 

three layer model based on a one dimension heat equation. As a result, an understanding of issues 

related to the thermal limitations in various applications was developed. It was found that the 

experimentally determined interface thermal conductance of interfaces is generally much smaller than 

  

 



the theoretical values.  The small value of interface thermal conductance of either In or In-gr or 

Al film on different substrates is explained by absence of atomic level bonding, presence of 

rough surfaces with incomplete contact and oxygen or water vapor at the interface. The 

higher value of interface thermal conductance between graphene platelets in the a-b plane 

and titanium matrix is responsible for the isotropic and improved thermal conductivity of the 

composite. The increase in the interface thermal conductance between graphene and Au is 

explained to arise from smoothening of the graphene platelet film surface and improvement 

in the contact between Au and graphene and graphene and Cu induced by laser or microwave 

plasma irradiation. High concentration of Mg dopant atoms in the p-type GaN films at the 

interface, sapphire wafer with rough surface, and high dislocation density are considered 

responsible for the lower value of interface thermal conductance. The thermal conductivity of 

hot pressed BiSbTe was reduced by a factor two compared to that of the bulk as a result of 

the presence of high density of interfaces and residual porosity, while the thermal 

conductivity of the sintered sample showed an increase above that of the bulk sample which 

is explained by the change in composition due to loss of Sb and Te. In addition, SiGe films 

are less susceptible to self-heating than GaAs films of same thickness due to less lattice 

mismatch. These results showed that the values of interface thermal conductance should take effect 

of the microstructural parameters into consideration; in particular, surface roughness, solid solubility 

and lattice mismatch.  
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CHAPTER 1 INTRODUCTION TO HEAT TRANSFER 

 

1.1 Heat transfer mechanisms 

Heat is known as the total internal kinetic energy of the atoms and molecules that 

make up a substance. Therefore, heat transfer involves movement of thermal energy from on 

region to another. Heat transfer is taking place throughout the universe all of the time, which 

is one of the most fundamental physical phenomena in human lives. People are always aware 

of the temperature of environment around them, warm or cool or getting warmer or cooler. In 

summer, swimming pools or beaches are always crowded and t-shirts, shorts and sandals are 

preferred as summer dressing. In the contrary, fire place is more welcome and people wear 

thick clothes at winter. There is a common sense that people find from life experience: the 

heat transfer is normally from a high temperature object to a lower one, which can be 

explained by first law of thermodynamics. 

The process of heat transfer can be roughly divided into three different mechanisms: 

conduction, convection and radiation. 
1
Each of these heat transport mechanisms has their 

own field: conduction is the transfer of heat between substances that are in direct contact 

with each other; convection is the up and down movement of gases and liquids caused by 

heat transfer; and radiation is the transfer of heat by electromagnetic waves when they come 

in contact with an object. In this research, since our primary objectives are thin solid films, 

the discussion is confined to conductive heat transport.  
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1.2 Fundamentals of conductive heat transfer 

Heat transfer in solids or stationary fluids can be explained by thermal conduction. 

Typically, conductive heat transfer occurs in two ways: particle collision and/or lattice 

vibration.  

In non-metallic solid materials, atoms or molecules are limited to each other by 

various chemical/physical bonds. Thus, the particle collision behavior is limited and the only 

possible way for heat transfer is lattice vibration. In that case, heat, in a form of vibration, is 

transferred from vigorously vibrated (hot) region to slowly vibrated (cold) region through a 

spring-like motion of bonds.
 2,3

 

 For metals, both lattice vibration and particle collision are possible contributing to 

heat transport, because metal atoms are bonded to each other by metallic bonds (lattice 

vibration is enabled), meanwhile there are “seas” of free electrons within metals (collision 

between free electrons can occur). 

 

 

Table 1.1. Properties of heat carriers 

Heat Carrier Generation Source Propagation media Velocity 

(m/s) 

Free  Electrons Excitation/ ionization Vacuum/Media ~10
6
 

Phonon Lattice vibration Media ~10
3
 

Photon Decay of electrons Vacuum ~10
8
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 Therefore, we can conclude that there are two fundamental heat carriers in solids that 

are lattice vibration- phonon and particle collision- free electron. The properties of various 

heat carriers can be found in Table 1.1.
 4 

 

1.3 Thermal conductivity 

Take a solid system as example, imaging there is a piece of metal, the two large faces 

of which are in contact with fluids of arbitrary temperatures, while the thin sides of the sheet 

are insulated. The schematic of the described system is shown in Figure 1.1. If there is 

difference in temperatures of two large faces, then there is a temperature gradient dT/dx 

between hot side and cold side within the system. A flux of heat will arise, sending thermal 

energy from hot side to cold side in order to eliminate the gradient and bring thermal 

equilibrium to the system. The flow of heat is called as thermal conduction. The thermal 

conductive coefficient k, known as thermal conductivity, is then defined as the 

proportionality constant between the heat flux density J and the temperature gradient. In one 

dimension system we write 

J=-kdT/dx        Equation 1.1 

The equation is called Fourier’s law. The heat flux density is the amount of thermal energy 

that flows through a unit area per unit time. 

From the analysis above, the thermal conductivity, k, is treated as a constant. 

However, it is not true in practice. The truth is that thermal conductivity of anisotropic 

materials varies with orientation
6
, while thermal conductivity for non-uniform materials  
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varies with spatial location
7
. Generally speaking the thermal conductivity varies with 

temperature, but the variation is small over a significant range of temperature
8
. This 

phenomenon can be explained by the variation of available heat carriers with the temperature. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. A simple example of heat conduction
5
 

 

1.4 Interface thermal conductance 

The interface thermal conductance, hc, is a property indicating the thermal conductive 

ability between two bodies in contact 
9
. Due to the need to know as accurately as possible the 

temperature distribution in electronic devices or other equipment in which heat fluxes flow 

from one body to another, the interest in understanding of how heat is transferred near an  
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interface between two solid bodies in contact has increased dramatically recently. 

Take the schematic in Figure 1.2a as an example, A and B are two solid bodies in 

contact. Heat flow transfers from hotter A body to colder B body. Typically, the temperature 

profile along the two bodies varies, and there is a sharp temperature drop observed at the 

interface between the two surfaces in contact, as shown in Figure 1.2b. This phenomenon can 

be explained by a limited interface thermal conductance existing between the contacting 

surfaces. Therefore, the interface thermal conductance is defined as the ratio between the 

average heat flow across the interface and the temperature drop ∆T, and then we can write 

hc = JA/∆T = q/∆T      Equation 1.2 

where J is heat flux density, A is cross sectional area and q is heat flux per unit time 

Generally, the thermal conductance at the interface is a complicated phenomenon and 

limited interface thermal conductance arises from many different factors. When a junction is 

formed by pressing or depositing one material onto another similar or dissimilar material, 

there are always some fractions of the nominal surface is actually not in contact, due to 

surface roughness, waviness and  non-flatness of the contacting surfaces. The actual contact 

area is always smaller than the apparent contact area. Suppose there is a heat flux imposed 

across the interface, then the conduction of heat flow would be restricted only through the 

contact region, as shown in Figure 1.3. The amount and area of the contact region are the 

important parameters which are significantly affecting the thermal conduction at the interface. 

Therefore, in order to help increase interface thermal conductance, the easiest method is to 

enhance the contact pressure so as to increase the area of contact surface. 
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Figure 1.2. (a) Heat flow between two solids in contact (b) temperature distribution 
10 

 

 

 

 

Figure 1.3. Magnified view of two materials in contact 
11 

 

 

In addition, in most cases, there is interstitial medium existing between the contacting 

surfaces. It may be from presence as a fluid, solid or gas, which contributes to or restricts the 
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heat transfer at the interface, depending upon its thermal conductivity and thickness of the 

interstitial medium. If there is a significant temperature difference at the interfaces, heat 

exchange by radiation also may occur across the gaps between the contacting surfaces. 
12

 

Moreover, in some specific conditions
13

, plastic or elastic surface deformation may occur at 

the regions near the interface, according to materials properties and contact pressure. When a 

surface undergoes plastic deformation, interface thermal conductance is expected to be 

increased, since the deformation causes the actual contact area to increase. Last but not least, 

the presence of dust particles or other impurities will typically lower the h value. 

1.5 Heat transfer at a composite plane wall 

Still consider the heat transfer described in Figure 1.2, the thermal energy is reserved 

based on the law of energy conservation. Associated with Equation 1.2, we can get 

q =         hA =         hB =        htotal    Equation 1.3 

Mathematically, Equation 1.1 combined with Equation 1.3 can be converted into 

h = kA/X         Equation 1.4 

where X is the thickness of wall 

If we treat the composite plane wall as a single system, which can be simplified as Figure 1.4, 

then 

1/htotal= 1/hA+1/hc+1/hB       Equation 1.5 

The heat flow between the two bodies in contact, bodies A and B is found as 

      Equation 1.6 
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Figure 1.4. One-dimension model for heat transfer for a composite plane wall 

 
 

where kA, kB = the thermal conductivity of the body A and B, respectively 

 xA, xB = the thickness of the body A and B, respectively 

 A= contact area 

 hc= interface thermal conductance between body A and B 

From this simple example, it can be found that the heat flow is directly related to 

thermal conductivities of materials and thermal conductance at their interface. 
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CHAPTER 2 TECHNIQUES FOR DETERMINATION OF THERMAL CONDUCTIVITY 

 

2.1 Introduction 

Having considered the mechanisms of heat transfer and the motivation for the 

measurements of thermal conductivity and interface thermal conductance, we now turn our 

attention to the practical realization of these measurements. Before going into the different 

methods used for measurements, it is useful to consider some of the theoretical aspects of 

heat transfer phenomena, which provide a framework to discuss various experimental 

methods. 

The methods used for measuring thermal transport properties may be broadly 

classified into two major categories
1
: steady state methods and transient methods. The 

fundamental theoretical basis for these methods is the expression for the law of conservation 

of energy in three dimensions: 

         Equation 2.1 

where k is thermal conductivity, ρ density, cp specific heat capacity, T temperature, q heat 

flux, and t time.   

It is important to note here that the material property data are assumed to be 

independent of the direction, i.e. the material is isotropic. If we assume the absence of any 

heat generation and also that heat is transferred along only one direction, we get: 
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        Equation 2.2 

where D =k/ρcp is thermal diffusivity of the material. 

Since the material is considered isotropic, the assumption of one-dimensional heat 

transfer is justified. In order to be able to extract useful information from experimental 

measurements, it is desirable to have exact analytical solutions to the experimental heat 

transfer problem and thus there is a preponderance of experimental methods which 

approximate one-dimensional heat transfer. 

2.2 Steady state methods 

Steady state methods do not involve any transient thermal transport, which means the 

measurement is performed when the temperature of the material measured does not change 

with time. This makes the signal analysis straightforward (steady state implies constant 

signals).  

Therefore, the equation (2.1) reduces to: 

        Equation 2.3 

In the absence of any heat generation, the above equation reduces to: 

        Equation 2.4 

Equations (2.3) and (2.4) form the basis for the steady state measurement techniques.  

Typically, the steady state methods involve steady heating of the sample at one end  
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while the other end is thermally grounded, directly yield k. However, the disadvantage of 

steady state methods is that a well-engineered experimental setup is usually needed. Since 

these measures rely on accurate determination of the temperature gradient in the sample, 

elaborate experimental arrangements are necessary to eliminate heat loss as much as possible. 

2.2.1 Insulated plate model 
2
 

In the case of a hollow cylinder equation (2.4) reduces to (in cylindrical coordinates): 

        Equation 2.5 

       Equation 2.6 

From the above two equations it is evident that flow of heat over the cylinder is 

independent of the radius. Therefore if a given flux J0 is assumed to flow, then: 

      Equation 2.7 

Integrating equation (2.7) and rearranging we get: 

       Equation 2.8 
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Figure 2.1. Thermal conductivity measurement for a cylinder sample by insulated plate 

method 

 

 

 

The above cylindrical symmetry is exploited to measure the thermal conductivity of a 

sample as follows. The sample to be characterized is mounted on a heater which is ring 

shaped with a central post which acts as a heat sink (Figure 2.1). A constant input power 

source is applied for heating in order to provide a constant heat flux value.  The temperature 

is measured at two points along the radius of the sample to give the thermal conductivity of 

the sample. 

2.2.2 Divided-bar measurement 
3-5

 

The divided-bar thermal conductivity measurement is the most common technique 

that has been much used to determine consolidated rock samples. The technique consists of 

constructing a cylinder with sample of unknown thermal conductivity sandwiched between 
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two sections of known conductivity. The ends of the bar are held at different constant 

temperature. When thermal equilibrium is reached, it is assumed that the heat flow is uniform 

across the whole column. The thermal conductivity of the sample can be determined from the 

measured temperature differences across each section of the column. The divided bar is 

illustrated in the Figure 2.2. 

Assume the heat flow is axial, when equilibrium is reached we have 
4
: 

     Equation 2.9 

where Ks is the thermal conductivity of the sample, Kg is the known conductivity of the 

reference material, d is the thickness of the sample, l is the total thickness of the reference 

material, ∆T1, ∆T2 and ∆T3 are the temperature differences across the various parts of the 

divided bar as shown in Figure 2.2, and R is the bar resistance, which can be determined by 

calibration. 

If the bar resistance is assumed negligible, then the equation 2.9 becomes 

       Equation 2.10 

Therefore, the thermal conductivity of the sample is determined from the known 

physical characteristics of the bar and sample and the temperature differences across the 

reference material and sample.  
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Figure 2.2. A schematic of cross-section of divided-bar device 

 

 

 

2.3 Transient methods 

Non-steady-state methods, also known as transient techniques, force periodic 

variations in the temperature to measure thermal conductivity during the process of heating 

up. These methods do not require the signal to obtain a constant value. Instead, the signal is 

varied as a function of time. Therefore, the measurements can be completed more rapidly, 

because there is no need to wait for reaching thermal equilibrium in the sample 
6
. However, 

numerical analysis of the data is more complicated than that of the steady state methods, and 

thus, takes more time. 
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2.3.1 3ω-method 

The 3ω method 
7-11

, a thermal wave method, utilizes micro-fabricated metal line 

(typically highly thermal conductive metal, i.e. gold or copper) deposited on the specimen to 

act as a heat/thermometer. When an alternating current (AC) voltage signal is used to excite 

the heater at a frequency ω, the periodic heating generates oscillation in the electrical 

resistance of the metal line at a frequency of 2ω. In turn, this leads to a third harmonic (3ω) 

in the voltage signal, which is used to infer the magnitude of the temperature oscillations. 

The frequency dependence of the oscillation amplitude and phase can be extrapolated to 

obtain the thermal conductivity of the sample. 

For more detail, let us consider a long infinitely thin metal line lying on a semi-

infinite medium as shown in the Figure 2.3 (the axis of the conductor coincides with the z-

axis) 

The medium above the substrate is assumed to be non-conducting. If the metal line is 

the source of heat, and the current passing through it is varying at a frequency at frequency ω,  

       Equation 2.11  

this current will in turn produce a resistive heating giving rise to a heat flux at 2ω. 

       Equation 2.12 
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Figure 2.3. A schematic of a thin metal line lying on a substrate. The z- axis of the line is 

normal to the plane of the page 

 

 

where R0 is the resistance of the thin metal line with no power applied. The heat flux in turn 

would give rise to a temperature rise, 

       Equation 2.13 

where T2ω is the amplitude of the temperature oscillations. The resistance of metals varies 

with temperature as the following equation 

       Equation 2.14 

where  is the temperature coefficient of resistance. Therefore, the change in resistance due 

to the thermal waves generated in equation (2.13) would be given by equation (2.15). 

      Equation 2.15 
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This change in the resistance in turn influences the current flow through the metal line 

thereby resulting in a change in the voltage measured across the metal line. 

   Equation 2.16 

If we measure the voltage across the metal line and extract the third harmonic 

component, the measured amplitude serves as a measure of the temperature change due to 

heating at the frequency ω. Therefore the thin metal line serves both as a source of heat and 

thermometer to measure the amplitude of the temperature change. From equation (2.16), the 

amplitude of the temperature rise as a function of the third harmonic component is given by 

equation (2.17). 

       Equation 2.17 

where Vω is the voltage at frequency 2f, V3ω is the voltage at frequency 6f, and l is the 

length of heat line. And then an expression for the thermal conductivity of the material as a 

function of Vω, V3ω and f can be achieved, 
11

  

       Equation 2.18 

Equations (2.17) and (2.18) are the basis for measuring the thermal conductivity of 

the substrate by 3ω method. A set of measurements ranging from low to high frequencies 
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should be performed in order to extrapolate the accurate thermal conductivity.  

2.3.2 Transient thermo-reflectance measurement 

The transient thermo-reflectance method has been used to measure the thermal 

conductivity and interface thermal conductance of thin-films or multilayered structures 

materials 
12-13

 and it is the main technique used to measure the thermal properties in the 

current study. It has lots of advantages compared to the various experimental techniques 

described above, since it is a non-contact and nondestructive optical approach, both for 

heating a sample under test and for probing the variations of its surface temperature. Because 

the method is non-invasive, it is attractive for the measurement of the thermal properties of 

thin-layer structured materials. For this kind of materials, it is difficult to fabricate a 

measuring device into or onto a sample, meanwhile, to make sure isolate and exclude the 

influence of the measuring device itself. 

The basic principle of the transient thermo reflectance method is to heat a sample by 

laser irradiation and probe the changes in the surface reflectivity of the heated material; 

following a suitable curve fitting procedure, the parameters of thermal properties can be  

extrapolated. 

A schematic of a classic TTR setup is shown in the Figure 2.4.  The source of energy 

in the TTR method is normally provided by a pulsed laser (Nd-YAG pulsed laser in the 

Figure 2.4) with short pulse duration. During each pulse, a given volume on the sample 

surface heats up to a temperature level above ambient due to the laser light energy absorbed  
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into the sample. The heating area is specified by adjusting the pulsing laser aperture and the 

optics of the system. 

After each laser pulse is completed, the sample begins to cool down to the initial 

ambient temperature. During this process, the probing continuous wave (CW) laser light 

reflected from the sample surface at the heating spot center is collected onto a photo detector 

that reads the instantaneous surface reflectivity. The changes in surface reflectivity are 

linearly proportional to the changes in surface temperature, within a wide but finite 

temperature range 
8
. 

A schematic illustration of two sample models for TTR measurement in this study is 

shown in Figure 2.5.  The samples are prepared as two layers or three layers sandwich 

structure, accordingly. For both of these two models, the samples are coated with a thin 

reflective metal film such as In or Al or Au that acts as a transducer, which becomes the 

surface material (always layer 1) to help improve the TTR signal.  

The one-dimensional heat equation in the form,   

      Equation 2.19 

is followed in each phase identified with a subscript, where Ti = Ti(x,t) is the temperature as 

a function of depth x from the surface,  time t, and  Di is the thermal diffusivity of the layered 

media represented with subscripts i=1,2 and 3. The subscript i=1 refers to the metal 

transducer, 2 to the layer 2 material and 3 to the layer 3 material.  The diffusivity Di=ki/Ci 

where k is the thermal conductivity and C is the volume heat capacity of the medium.  Each  

 

 



21 

layer (layer 2 and layer3) underneath follows the heat conduction equation.  

 

 

 

Figure 2.4. Schematic of the thermo-reflectance thermometry experimental setup including 

the optical and signal paths 
13 

 

 

 

 

Figure 2.5. A schematic illustration of two sample models for TTR measurement in this study. 

The laser beams are incident on the metal transducer and thermal transport occurs one 

dimensionally into the sample. 
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Equation (2.19) was solved using finite difference method. The boundary conditions 

included the flux at the surface from laser incidence in the form, 

   Equation 2.20 

 

where  is the laser pulse width, dTmax  is the peak temperature change, f  , K, L and C are the 

density, thermal conductivity, thickness, and heat capacity, respectively, of the film 

represented with subscript, f.  The thermal flux at each interface is conserved so that 

continuity is maintained. However, the temperature at each interface is discontinuous. The 

continuity of the flux at the interfaces was applied in the form, 

    Equation 2.21 

where the layer i is responsible for heat flux into layer j with a gradient of temperature dTi/dx 

and Ti and Tj are the temperatures of the adjacent layers at the interface and hij is the 

interface thermal conductance between layer i and j. The results are modeled to fit the 

experimental data using the parameters associated with the layers, an example is shown in 

the Figure 2.6 
14

. 

The thickness, thermal conductivity and the heat capacity are the parameters 

associated with each layer. The thicknesses of the different layers are measured. The heat 

capacity and thermal conductivity of the metal transducer and known materials are taken 

from the bulk values. The only unknowns are the interface thermal conductance between The 

thickness, thermal conductivity and the heat capacity are the parameters associated with each 

layer. The thicknesses of the different layers are measured. The heat capacity and thermal  
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conductivity of the metal transducer and known materials are taken from the bulk values. The 

only unknowns are the interface thermal conductance between each layer and the unknown 

thermal conductivity of the sample, which will be analyzed by the best curve fitting with the 

experimental TTR signal. 

 
 

  

 

 

 

 

 

 

Figure 2.6. Data of normalized transient thermo reflectance (TTR) signal and analytical 

solution. TTR signal is directly a measure of temperature of the surface. The initial fast 

decrease in the signal indicates heat transfer in the metal transducer and the slow decrease 

represents the heat transport in the sample. The wavy nature of the signal arises from the 

noise in the red CW laser that is also amplified. 

 

 

 In the following chapter 3 to chapter 9, the potential of the TTR method to 

characterize the thermal conductivity and the interface thermal conductance will be examined 

by a set of experiments. In detail, chapter 3 and chapter 4 focuses on thermal properties of 

graphene composites with matrix of indium, copper and titanium. In chapter 5 and chapter 6, 

we studied the influence of laser irradiation and microwave plasma treatment on the thermal  
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properties of graphene platelets and the influence of dopants on the thermal conductance of 

GaN–Sapphire interface, respectively. In addition, we examined interface thermal 

conductance between metal films and copper and thermal conductivity of exfoliated p-type 

BiSbTe compounds, which are illustrated in chapter 7 and 8, separately. We also make 

comparison of interface thermal conductance in Si0.5Ge0.5 /Si and GaAs/Si thin film device 

structures in the chapter 9. 
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CHAPTER 3 TRANSIENT THERMO-REFLECTANCE FROM GRAPHENE 

COMPOSITES WITH MATRIX OF INDIUM AND COPPER 

 

(Published paper, see “Zheng, H. and Jagannadham. K., API Advances, “Transient thermoreflectance 

from graphene composites with matrix of indium and copper” (2013), 3, 032111”) 

 

Begin with this chapter, we will examine several examples, which apply transient 

thermo reflectance to help measure their thermal conductive properties and predict potential 

methods to improve their thermal behavior. 

3.1 Introduction 

 

Thermal energy dissipation from electronic devices is facilitated by heat spreader 

bonded to the devices using a thermal interface material (TIM). Traditionally, a polymer 

composite
1–3 

with lower thermal conductivity (K = 1 to 5 W/mK) for lower power and a 

solder such as Pb-Sn or In (K = 80 W/mK) for higher power dissipation are used as TIMs
2
 as 

these also accommodate the thermal strains introduced during bonding. Heat spreaders 

consist of Al, Cu, AlN, diamond and various composites.
4
 Graphene, with thermal 

conductivity (K = 4800 to 5300 W/mK) in the a-b plane higher than that of diamond and 

carbon nanotubes (CNTs),
5
 is anisotropic with a lower value along the C-axis. Graphene 

composites with matrix of In and Cu have been evaluated for applications as TIMs and heat 

spreaders, respectively.
6–8

 The thermal conductivity of In-graphene (In-gr)
6
 and Cu-graphene 

(Cu-gr)
7, 8

 is improved significantly over that of the matrix of In and Cu, respectively. For  
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comparison, the thermal conductivity is improved by 125% in polymer–CNT composites,
9
 

100% in In-gr
6
 and 25% in Cu-gr composites.

7, 8
 In general, the percentage improvement in 

thermal conductivity for the same volume fraction of the filler is smaller when the thermal 

conductivity of the matrix is higher. 

Higher thermal conductive TIMs and heat spreaders are obviously important for high 

power components such as laser diodes and power devices
10, 11 

where the performance is 

dependent on maintaining constant temperature. The bottle neck in heat dissipation is usually 

the bond between the TIM and device or heat spreader. Therefore, the interface thermal 

conductance, h, between dissimilar materials is investigated with the aim of improving the 

thermal energy dissipation. For example, although the thermal conductivity of CNTs is high 

(K = 3000 to 4000 W/mK), the interface thermal conductance with metal like Cu,
12

 Pd,
13

 is 

found to be lower (h∼0.1 MW/m
2
K). Therefore, indium metallization was attempted so that 

interfacial contact is improved
14

 and the value of h reached 1.0MW/m
2
K. Carbon pitch fibers 

with higher thermal conductivity (K=1000W/mK) also encounter the same limitation from 

poor interfacial contact. The interface thermal conductance of graphene metal contacts 

normal to the a-b plane has been evaluated by time domain thermo-reflectance 
15, 16 

and 

found to be close to h = 25 MW/m
2
K. This value is lower compared to the values (h∼1 

GW/m
2
K) exhibited by certain interfaces.

17
 Therefore, graphene electronic devices will be at 

a disadvantage in terms of thermal energy dissipation. 

In-gr composites with higher thermal conductivity (180 W/mK) are very useful for  
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thermal energy dissipation in high power devices such as laser diodes and microwave power 

devices. It is therefore necessary to determine the interface thermal conductance between In 

or In-gr and semiconductor wafers or the heat spreader such Cu-gr. In this chapter, we have 

used transient thermo-reflectance (TTR) to evaluate and compare the thermal properties of 

selected interfaces. 

3.2 Experimental procedure 

3.2.1. Experimental set up 

The TTR set up that was used is similar to that described in reference.
13

 Spectra 

Physics Nd-YAG laser source in the second harmonic (532 nm), pulse duration 6 ns, and 

repetition of 10 Hz was used to heat the sample surface. The probe laser is continuous wave 

length 650 nm and variable power up to 20 mW. The two laser beams were focused on the 

sample to a spot size close to 15 μm using a 10X objective (Thor Labs LMH-10x-532) 

specially meant for Nd-YAG laser. The reflected laser beam was detected by a silicon photo 

diode (DET 10 A from Thor Labs) with 1 ns rise time. The output from the detector was 

amplified using Stanford Research Systems 4 channel amplifier (Model SR 445 A, 350 MHz) 

and recorded using Tektronix DPO4104 B oscilloscope. The signal in the oscilloscope was 

triggered by output from another silicon diode (DET 36 A) used to detect the Nd-YAG laser 

pulse prior to incidence on the sample surface. The noise in the probe laser beam also gets 

amplified along with the reflected signal from the sample surface. Therefore an optimum 

power level is chosen well below the limit of heating the sample film surface. 
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3.2.2. Sample preparation 

Samples with different substrates were prepared for the characterization by TTR. Si 

wafer was etched in 49% HF for 1 minute to remove the native oxide, washed using 

deionized water, and dried. In foil was thinned by deformation rolling and pressed on to the 

etched Si wafer. This sample was used to verify that the TTR signal was representative of the 

thermal characteristics of the wafer. GaAs wafer and Si wafer, each with thickness 500 μm 

were cleaned in acetone and isopropyl alcohol and dried. In-gr foil was pressed on to the 

GaAs. Similarly, In foil was pressed on to Si wafer that has not been etched to remove native 

oxide. Cu and Cu-gr composite substrates were polished with 3M 600 grade abrasive paper. 

The substrates were further polished on rotating wheel with polishing cloth dispersed with 

0.05 μm size alumina abrasive suspension in water. The substrates were etched with dilute 

nitric and sulfuric acid mixture to remove the abrasive particles embedded on the surface. In 

foil was pressed on to the surface of the samples. A substrate of polished Cu was bonded 

with In in liquid state using soldering iron. The tendency for balling of In was observed on 

the surface of Cu. Repeated attempts to spread the liquid In as responsible for heating of the 

Cu surface and formation of thin oxide layer. Another set of polished and etched Cu and Cu-

gr substrates were coated with Al film by magnetron sputtering. The deposition was carried 

out at pre-deposition vacuum of 2×10
−5

 Torr and substrate temperature of 300 K. Argon 

plasma was used to sputter Al from the target at a gas pressure of 2 mTorr. A list of all the 

samples and the results of analysis of TTR signal are presented in Table 3.1. The thickness of 

the film present on the substrate measured by profilometer is also shown in Table 3.1. 
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Table 3.1. Results of analysis performed to curve fit the variation of experimental TTR signal 

as a function of time. The Figure number of curve fitted results is given. The thickness of the 

film on the surface is given by tf. Kint is the thermal conductivity of the intermediate phase 

present between the film and the matrix. The thickness of the intermediate phase is assumed 

to be 0.1 μm. 

 
 

 

 

3.3. Experimental results 

3.3.1 TTR signal 

The TTR signal from In film is found to be much higher than that from Al film on the 

samples for the probe laser with 650 nm wavelength. However, the noise from the 650 nm 

probe laser signal was slightly higher when amplified. Therefore, a smoothening procedure
19 

was used when necessary. The TTR signals from all the samples are grouped for comparison 

and shown in Figures 3.1 to 3.5 along with the curve fitted results. The results of analysis are 

shown in Table 3.1. 

The thermal conductivity of the film on the surface such as In or Al is assumed at the 

bulk value listed in Table 3.1. The thermal diffusivity D is 0.48 cm
2
/s in In and 0.82 cm

2
/s in  
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Al. Using (2Dt)
1/2

 as the average thermal diffusion distance, the time taken for thermal 

diffusion over the thickness of the film of 1 μm is 10 ns in In and 6 ns in Al. Therefore, the 

initial rapid TTR signal decay takes place in picoseconds range of time only if the interface 

thermal conductance is high. Also, the laser pulse is incident on the surface beyond 6 ns. The 

TTR signal is further controlled by the interface thermal conductance and the thermal 

conductivity of the substrate beyond the nanosecond time range when the thickness of the 

film is close to 1 μm. The known values of thermal conductivity of the substrates such as Si, 

GaAs and Cu, as shown in Table 3.1, are also used in the analysis. The TTR signal decay 

with time was found to depend on the thermal conductivity of an intermediate film of lower 

thermal conductivity (1 to10 W/mK), such as SiO2 or Ga2O3 or Cu2O present on the substrate 

of Si, GaAs or Cu, respectively. The thermal conductivity of the substrate was found to be 

not important within the time scale of observation when the intermediate film of lower 

thermal conductivity is present. We now briefly describe the experimental results from the 

TTR signal. 

TTR signal from the In film pressed on etched Si surface in the system In-Si was used 

to verify that the experimental set up gave verifiable results. The results shown in Figure 3.1 

and Table 3.1 illustrate that the thermal characteristics of the two layers are reproducible. The 

only parameter that was evaluated from analysis is the interface thermal conductance h equal 

to 2.5 MW/m
2
K. The samples with In and In-gr film pressed on to unetched Si and GaAs 

surface, respectively, were used to determine the TTR signal and the results are shown in 

Figure 3.2 and Table 3.1. The TTR signal could not be curve fitted unless an additional oxide  
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film was used as an intermediate layer. Therefore, it became necessary to introduce an 

intermediate film that is also known to exist on these substrates. In particular, the presence of 

native oxide on Si and GaAs was used in the analysis and the thermal conductivity of this 

intermediate film was also evaluated, as shown in Table 3.1. The interface thermal 

conductance, h, was found to be 0.75 MW/m
2
K for In-SiO2 on Si and 12 MW/m

2
K for In-gr-

oxide on GaAs. The value of h in the analysis for these samples is interface thermal 

conductance between the metal film and the oxide layer. The decay of TTR signal was faster 

in the In-gr-oxide-GaAs than in the In-oxide-Si system as In-gr has higher thermal 

conductivity and the interface thermal conductance is also higher. 

 

 

Figure 3.1. Normalized TTR signal shown as a function of time for In foil pressed on to 

etched Si wafer. The curve fitted line from analysis is also shown. 
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Figure 3.2. Normalized TTR signal shown as a function of time for In foil pressed on to Si 

wafer with native oxide and In-gr foil pressed on to GaAs with native oxide. The curve fitted 

lines from analysis are also shown. 

 

 

 

 
Figure 3.3. Normalized TTR signal shown as a function of time for In foil pressed on to 

polished Cu and Cu-gr composite surface. The curve fitted lines from analysis are also shown. 
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TTR signal from In film pressed on to polished surface of Cu and Cu-gr is shown in 

Figure 3.3 with the results of analysis shown in Table 3.1. The decay in the TTR signal was 

faster in In-Cu-gr system for two reasons; first, due to higher thermal conductivity of Cu-gr 

(500 W/mK) than that of Cu (400 W/mK) and second, the interface thermal conductance was 

higher for In-Cu-gr (15 MW/m
2
K) than for In-Cu (4 MW/m

2
K), as shown in Table 3.1. 

Similar results, shown in Figure 3.5 and Table 3.1, were obtained from Al film sputtered on 

to the surface of Cu and Cu-gr samples. The interface thermal conductance of Al-Cu-gr (2 

MW/m
2
K) was found to be twice that of Al-Cu (1 MW/m

2
K). 

 

 

 

 

Figure 3.4. Normalized TTR signal shown as a function of time for In foil bonded on to 

polished Cu surface in liquid state using soldering iron. The curve fitted line from analysis is 

also shown. 
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Figure 3.5. Normalized TTR signal shown as a function of time for Al film deposited on to 

Cu and Cu-gr surface by magnetron sputtering. The curve fitted lines from analysis are also 

shown. 

 

 

 

When the film of In was bonded to Cu by heating above the melting point of In, 

formation of thin Cu2O film was observed by the color change of Cu. The TTR signal for this 

system of In-Cu2O-Cu with the presence of the intermediate film of the oxide exhibited a 

much slower decay rate, as shown in Figure 3.4. The results presented in Table 3.1 for this 

system show that the intermediate oxide phase Cu2O has very low thermal conductivity (K = 

0.5 W/mK). The very low value of thermal conductivity is dominated by the presence of 

interfaces between metal and small oxide grains at nano-scale. The interface thermal 

conductance between In and the Cu2O layer was also low (0.85 MW/m
2
K). 
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3.3.2. Scanning electron microscopy (SEM) 

We have examined the surfaces of the metal films on all the samples and analyzed the 

composition using energy dispersive X-ray analysis (EDS).  

 

 

 
Figure 3.6. SEM image of the In-gr film taken in back scattering mode to image graphene. 

 

 

 

The distribution of graphene platelets in In-gr composite is determined by SEM in 

backscattering mode, as shown in Figure 3.6. There is uniform distribution of graphene 

platelets with size varying from 0.2 to 5 μm. Some of the platelets with larger thickness 

exhibit strong contrast and some of the thinner platelets show weak or light gray contrast. 

Energy dispersive spectrum collected from the In-gr film and the GaAs substrate are shown 

in Figures 3.7 and 3.8, respectively. These results show the presence of small oxygen signal. 

EDS cannot be used to detect the presence of lighter elements at the interface and therefore 

the spectrum does not rule out the presence of hydrogen and oxygen in the form of water  
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vapor at the interface. However, absence of other heavier elements can be ruled out from the 

spectrum. 

 

 

 
Figure 3.7. Energy dispersive X-ray spectrum from a graphene platelet in In-gr composite 

film on GaAs showing the presence of graphene from the strong carbon signal. All other 

peaks were associated with In. 

 

 

 

 

Figure 3.8. Energy dispersive X-ray spectrum from the GaAs sample when the spectrum was 

taken outside the In-gr film. Only Ga and As signals were observed. 
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Figure 3.9. Energy dispersive X-ray spectrum from In film on Cu-gr sample. 

 

 

 

 

Figure 3.10. SEM micrograph of Cu-gr composite with no film on the surface. The regions 

with strong and weak dark contrast are graphene. 
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The EDS spectrum from the In film pressed on to Cu-gr presented in Figure 3.9 

indicates the presence of graphene in Cu-gr composite underneath. The image taken in the 

SEM in back scattering mode at low magnification, shown in Figure 3.10, illustrates the 

uniform distribution of graphene in Cu. The Cu-gr composite was deposited by 

electrochemical deposition from CuSO4 solution with graphene platelet suspension.
7, 8

 The 

image collected in the back scattering mode in the SEM from the Al film present on Cu-gr 

composite is shown in Figure 3.11. The weak back scattering signal from thin graphene 

platelets is absorbed by the Al film. Therefore, it is difficult to achieve strong contrast from 

thin graphene platelets. However, some graphene platelets are observed in the image. 

 

 

 
Figure 3.11. SEM image of Al film on Cu-gr composite collected in back scattering mode. 

Parallel lines in the grains represent twin boundaries formed during electrochemical 

deposition of Cu with graphene suspension in the electrolyte. 

 

 

 

The parallel twin boundaries from Cu ending within the grains can be observed in the 

 

SEM image. The dark lines arise from the graphene platelets as the image was taken in the  
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backscattering mode. 

3.3.3. Atomic force microscopy (AFM) 

We have examined the surface roughness of the top laser ablated film to determine if 

it is responsible for any significant variation in thickness. AFM image of the Al film 

deposited on Cu substrate is presented in Figure 3.12(a) along with profile of the surface 

roughness in Figure 3. 12(b). It is found that the root mean square roughness is below 3 nm 

which is normal for laser ablated films. Therefore, the results of analysis are not affected. 

 

 

 
Figure 3.12. (a) AFM image of the Al film deposited by laser ablation on Cu substrate. (b) 

Surface profile of the Al film on Cu to show the surface roughness. RMS roughness is found 

to be below 3 nm. 
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3.4. Discussion 

 

The experimental results of the decay of TTR signal as a function of time and the 

analysis to fit the data presented in Table 3.1 show that the interface thermal conductance is 

low for the pressed In contacts on Si, GaAs, Cu and Cu-gr although the thermal conductivity 

of the film and the substrate is close to the bulk value. Similarly, the interface thermal 

conductance between sputtered Al film and Cu or Cu-gr is also much lower compared to Al 

films sputtered on to thicker films of Cu deposited on sapphire substrate.
17

 However, the 

results also clearly show that the composite film of In-gr and Cu-gr spread the heat faster 

than In and Cu, respectively. The value of h in Table 3.1 is larger when the adjacent phases 

have higher thermal conductivity. 

The interface thermal conductance, h, of In pressed on to Si with and without native 

oxide is 0.75 and 2.5 MW/m
2
K, respectively. The presence of the low thermal conductivity 

SiO2 is considered partly responsible for the lower value. Previous measurements
20

 of 

interface thermal conductance using TTR from Au film on SiO2/Si substrate with different 

thickness values of SiO2 concluded the value to be close to 120 MW/m
2
K. The value of h for 

In-gr film pressed on to GaAs is higher, however, the presence of a lower thermal 

conductivity intermediate film of Ga2O3 with K = 6.0 W/mK was found in the analysis. The 

presence of a native oxide on GaAs surface is also expected.
21

 Incomplete bonding at the 

interface in both these systems of In-SiO2 and In-Ga2O3 is another reason for the lower value 

of h. 
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The value of h at the interface for In pressed on to Cu and Cu-gr is 4 and 15 

MW/m
2
K, respectively. In this case, the higher thermal conductivity Cu-gr is responsible for 

a higher value of h. These lower values of h are associated with incomplete contact between 

In and polished surfaces of Cu or Cu-gr. The surface roughness of mechanically polished 

surfaces is responsible for the contact area to be smaller than the ideal area. The ability of In 

to deform plastically is expected to improve the contact area. These values of h are higher 

than that determined by laser flash technique
22

 for Pb-Sn eutectic solder bonded to Cu which 

is 0.5 MW/m
2
K. The Pb-Sn eutectic solder was bonded to Cu in the liquid state22 whereas In 

is pressed on to Cu and Cu-gr in the present work. We expect bonding will be better under 

liquid state. The thermal conductivity of Pb-Sn eutectic is 50 W/mK, thus, lower than that of 

In. The interface thermal conductance between In and CNTs after metallization has been 

estimated to be 1 MW/m
2
K

13
, although the thermal conductivity of In and CNTs is 

reasonably high. 

The bond formed by melting In on to Cu surface was expected to improve the 

interface thermal conductance. However, the results obtained in system In-Cu2O-Cu showed 

that In does not wet the surface of Cu. The melt droplet of In was found to separate out on 

the surface. The molten In was pressed repeatedly and bonding developed when the 

temperature reached a higher value and a thin layer of Cu2O has also formed on the surface. 

As a result, the interface thermal conductance between In and Cu2O was determined to be 

0.85 MW/m
2
K, as shown in Table 3.1. It is now clear that bonding of In to Cu or Cu-gr 

should be performed after providing a thin coating of Sn or Au film which enables In to  
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spread by alloying with the surface layer. Scanning acoustic microscopy (SAM) was used 

previously
22

 to examine the Pb-Sn-Cu interface formed in the liquid state bonding. The non-

uniformity of SAM image indicated that regions of poor wetting were present at the interface 

and these regions were responsible for lower interface thermal conductance. Therefore, poor 

wetting at In/Cu interface is also considered responsible for the lower interface thermal 

conductance. It has been found that lattice mismatch between adjoining metals films such as 

Ni-Ti and Ni-Zr also leads to lower values of h.
23

 

Al film of thickness 0.08 μm was deposited by thermal evaporation at pre-deposition 

vacuum level of <10
-7

 Torr on Si with an average roughness 2 to 10 nm.
24

 The thermal 

conductance of Al/Si interface was found to be near 100 MW/m
2
K.

24
 The value of h for Al 

film sputtered on to Cu film of thickness 1.5 μm on a sapphire substrate was much higher at 

4 GW/m
2
K.

17
 The thermal conductance of Al film on Cu and Cu-gr deposited by magnetron 

sputtering in the present work was found to be 4 and 15 MW/m
2
K, as shown in Table 3.1. 

Two factors are found to be responsible for the lower values of h for Al on Cu and 

Cu-gr. The surfaces of Cu and Cu-gr were prepared by mechanical polishing followed by 

etching to remove the abrasive particles. Therefore, the average surface roughness of the Cu 

and Cu-gr is expected to be larger than 0.1 μm. The presence of hills and valleys on the 

surface is responsible for incomplete contact between the surfaces. Therefore, the actual area 

of contact between the film and the substrate is a fraction of the ideal area.
25

 Secondly, 

atomic layers of water vapor held to the surface by van der Waals bonding can be present in  
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the valleys associated with surface markings.
26

 Thus, when soft metal such as In or In-gr is 

pressed on to the surface, the water vapor could be present at the interface. The Al film was 

deposited in the present work at a pre-deposition vacuum level of ∼10
-5

 Torr and room 

temperature (300 K). The water vapor or oxygen present on the surface is not desorbed under 

these deposition conditions. The adsorbed atomic species are responsible for scattering of 

electrons responsible for thermal conductance in metals and interfaces. 

It has been pointed out that the interface electrical resistance (AR) and thermal 

conductance (h) at any temperature, T, follow the Wiedemann-Franz (W-F) law in the 

form,
17

 

       Equation 3.1   

with constant, L = 2.45 × 10
−8

 ΩWK
−2

. It is clear that the W-F law will be applicable only to 

the regions where the contact is perfect at the interface. Therefore, it cannot be applied to 

rough surfaces with incomplete contact or to situations when an insulating monolayer of 

water vapor or oxygen is present. In addition, the scattering of electrons by impurities and 

point defects also increases the interface electrical resistance (AR) so that the value of h will 

be lower.   

3.5. Conclusions 

Transient thermo-reflectance signal was measured from In and In-gr films pressed on 

to etched Si, unetched Si, GaAs, polished Cu and Cu-gr substrates. TTR signal was also  

 

 



45 

measured from Al film deposited on to surfaces of polished Cu and Cu-gr substrates. TTR 

signals were curve fitted using numerical analysis of the thermal diffusion equation. The 

results showed that heat spreading was faster when In-gr and Cu-gr composites were present. 

The value of interface thermal conductance was found to be higher than that of In-CNT 

interface and that of the interface between Pb-Sn eutectic solder bonded to Cu when 

comparison is made between similar systems. However, the value of h is much smaller than 

that of interfaces obtained by sputtered film of Al on Si with smaller roughness or Al film 

deposited on smooth Cu film present on sapphire. The following conclusions are reached. 

1. Interface thermal conductance of systems with In-gr and Cu-gr composites are 

higher than in the absence of graphene. This conclusion directly follows from the result that 

interface thermal conductance is higher when the adjacent phases have higher thermal 

conductivity. 

2. The lower value of h in films of In pressed on to different substrates is associated 

with presence of monolayer of water vapor or oxygen or incomplete contact between the 

surfaces leading to poor atomic level bonding at the interface. Poor wetting between In and 

Cu is also found to give rise to lower value of h. 

3. The lower value of h in films of Al deposited on to polished substrates of Cu and 

Cu-gr is associated with presence of monolayer of water vapor or oxygen at the interface and 

incomplete contact between the rough surfaces leading to inadequate atomic level bonding at 

the interface. 
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CHAPTER 4 THERMAL CONDUCTIVITY AND INTERFACE THERMAL 

CONDUCTANCE IN COMPOSITES OF TITANIUM WITH GRAPHENE PLATELETS 

 

(Zheng, H. and Jagannadham. K., “Thermal conductivity and interface thermal conductance 

in composites of titanium with graphene platelets”, submitted to Journal of Heat Transfer on  

May, 2013) 

4.1 Introduction 

 

       Titanium and its alloys are used in many high strength light weight applications such 

as aerospace, marine, biomedical and sporting items. Its higher melting point (1667 
o
C), 

lower density (5.54 gmcm
-3

), higher strength (~1 GPa), good corrosion resistance and higher 

fracture toughness (50 to 90 MPam
1/2

) are some important properties.  However, the 

electrical conductivity (2.4x10
6
 ohm

-1
m

-1
) and thermal conductivity, K (21 wm

-1
K

-1
 at 300 K), 

are lower compared to that of other metals and limit the applications of Ti. Ti is also very 

susceptible to interstitial impurities such O, N and H. Graphene has much higher electrical 
1, 2

 

and thermal conductivity 
3-5

.  The electrical conductivity of graphene platelets (GPs) is 

estimated 
6,7

 to be close to 2x10
8
 ohm

-1
m

-1
 but it is very sensitive to the number of atomic 

layers. It reaches a lower value associated with graphite when the thickness is more than 10 

atomic layers. On the other hand, K of graphene in the a-b plane is found to be close to 4000 

to 5000 Wm
-1

K
-1

 
8-11

. The value decreases with increase in thickness but still remains high at 

2000 Wm
-1

K
-1

 which is the value associated with high purity single crystal graphite in the a-b 

plane. It has also been found that K is a strong function of the size L following K=Ko(L/Lo)
p
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with Lo=1 m, p close to 0.4 and Ko takes a value of 1000 Wm
-1

K
-1

 for L=1 m 
11,12

.  The 

high value of K of graphene is used more recently to prepare composites with matrix of In 

and Cu 
13, 14

. The value of K of In-graphene composites is improved from 80 to 160 Wm
-1

K
-1

 

and that of Cu-graphene composites from 380 to 500 Wm
-1

K
-1

 by using GP dispersions 
13,14

.  

The interface thermal conductance, h, between graphene and metals like Ti and Al along C-

axis is found to be low 
15,16

, close to 25 to 50 MWm
-2

K
-1

, but that normal to C-axis or in the 

a-b plane is found to be sufficiently high between Cu and graphene 
13,14,17

 so that the value of 

K of the composites is improved.  In this chapter, we have prepared films of graphene 

composite with Ti matrix and investigated the improvement in K. We have also determined 

the value of h between graphene and Ti. 

4.2 Experiment 

4.2.1 Sample preparation  

        The preparation of graphene composites includes synthesis of GPs as the first step 

and combination with the matrix as the second step. GPs were synthesized by chemical 

exfoliation which is suitable method to achieve larger quantities 
18

. The details of preparation 

are described in our previous work 
6,7,13,14

.  Al-graphene 
19

 and Mg-graphene 
20

 composites 

have been prepared by powder metallurgical techniques and conventional casting followed 

by friction stir processing, respectively. However, the main disadvantage is the reduction in 

the size of the GPs during processing which can reduce the value of K of the composite. In 

order to keep the GPs larger in size and to test the improvement brought in the value of K, we  
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have used physical vapor deposition by magnetron sputtering to deposit Ti on GPs dispersed 

on the surface of Ti film.  

       Si (001) wafer was cleaned with acetone and 49% HF for 1 min to remove any native 

oxide present on the surface. Ti film was deposited at 300 K on the Si wafer by pulsed dc 

magnetron sputtering using argon plasma and Ti target of 10 cm diameter. The pre-

deposition vacuum was close to 1x10
-6

 torr. The deposition was performed for 20 min with 

Ar plasma maintained at 2 mtorr pressure after cleaning the target for 6 min.  We have 

covered eight Si wafer substrates with a shutter during cleaning of the target.  Three out of 

the eight substrates were used for preparation of the Ti-GP-Ti composite. Two substrates 

were used to prepare only a single and thicker layer of GPs on Ti film. The remaining three 

substrates were used to deposit thicker Ti film.  

        Isopropyl alcohol containing GPs was sonicated mildly to prepare a suspension. The 

GPs were collected from the suspension using a 3 mm diameter glass tube by suction. The 

collected suspension was dispersed on the Ti film deposited on Si wafer substrates. After 

repeated deposition of GPs to achieve uniform distribution on the surface, three of the 

samples were used to deposit Ti film again for another 20 min. The procedure of deposition 

of Ti film on GPs was repeated six times so that a composite film was obtained. Ti film was 

also deposited on three samples of Ti film on Si without GPs to achieve a thicker Ti film.  In 

addition, the two substrates with GPs on the surface of Ti film were used to deposit Au film 

by laser physical vapor deposition (LPVD). The top layer in the three samples of the 

composite film was Ti deposited for 45 minutes. The composite films were not very smooth  
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as the GPs were responsible for an uneven surface. However, the top film of Ti was 

responsible for smoothening of the surface. Annealing of the films at higher temperature was 

not carried out to prevent formation of TiC between GPs and Ti.  The thickness of the films 

was measured by a profilometer with nanometer resolution. Henceforth, the samples are 

designated as Au-GP-Ti-Si, Ti-GP-Ti-Si, and Ti-Si for the samples with Au film deposited 

on GPs on Ti, composite of Ti with GPs and Ti film only present on Si substrate, respectively. 

A schematic diagram of the different layers present in each sample is provided in Figure 4.1. 

         Samples of Ti-Si and Ti-GP-Ti-Si were used to perform measurement of K by 3 

method described subsequently. A sample of Au-GP-Ti-Si, Ti-Si and Ti-GP-Ti-Si was used 

to perform TTR measurement. Characterization using scanning electron microscopy (SEM) 

and energy dispersive spectrometry (EDS) was also carried on these samples prior to TTR 

measurements.  

4.2.2 Thermal conductivity (K) measurement 

         The measurements of K were made using the three-omega (3) 
13,14,21,22

 and the TTR 

23-25
 methods. In the 3 method, a thin Au heater line is used both as a source of heat and to 

measure the temperature on the surface of the sample. This is a contact method and requires 

electrical isolation of the Au heater from the electrically conducting sample surface. The Au 

heater line was 4 mm long so that the measurements covered a larger region of the sample. 

The TTR method is a noncontact method and thus requires only a transducer film to monitor 

the reflectance from the sample surface. The Au film on Au-GP-Ti-Si sample served as the  
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transducer because the TTR signal from GPs is not high. The Ti film on the top of the Ti-GP-

Ti-Si composite and Ti-Si sample served as the transducer. The TTR measurements were 

made in a region of 30 to 50 m of the diameter of the laser beam which is much smaller 

than the length of the Au heater line in the 3 method.  The modulation frequency in the 3 

and the TTR methods is comparable as the Nd-YAG laser used in the present TTR 

experiments is operated at 10 Hz. Although the 3 measurements were performed in a larger 

range of frequencies, the most valuable data is obtained below 150 Hz. The two methods are 

described in greater detail below. 

 

 

 

Figure 4.1. Schematic diagram of (a) three layers consisting of Au, GPs, and Ti deposited on 

Si substrate, (b) Ti film deposited on Si and (c) composite of Ti with GPs dispersion 

deposited on Si. Dimensions are not to scale. 

 

 

 

4.2.2.1 Three-Omega (3) method 

 

       We have used a thermosetting white epoxy supplied by Devcon to form the electrical 

isolating film on the sample surface. The resin and epoxy were dissolved in small quantities 

in acetone. The mixture in acetone was spread in small quantity on the sample surface (1.5 

cm x 1.5 cm) by applying cold air flow before polymerization occurred. The polymer film on  
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the sample surface was allowed to set for 30 min at 75 
o
C on a hot plate. The electrically 

insulating nature of the polymer film was tested. In addition, a thin ZrO2 film was deposited 

on the surface of the polymer film as Au heater line does not adhere well to the polymer. 

Laser physical vapor deposition (LPVD) from ZrO2 target using 266 nm Nd-YAG laser 

source was carried out to deposit the ZrO2 film for 5 min after reaching 1x10
-6

 torr pre-

deposition vacuum.  Au heater line was deposited by LPVD on top of ZrO2 film using a 

negative mask with a pattern in the form of H. The center heater line in the pattern has width 

2b equal to ~50 m and length 4 mm. The outer lines in the pattern were 2 mm wide so that 

four electrical contacts were made using pressed In film and gold wires of 0.1 mm in 

diameter. Two contacts across the length of the heater line were used for power input at 

frequency f and two other contacts to measure the in-phase voltage at frequency f (V1) and 3f 

(V3).  

The samples were mounted using ZnO paste on the substrate stage of a temperature 

controlled vacuum chamber supplied by MMR Technology. The chamber was kept under 

vacuum at 4 mtorr using a mechanical pump during electrical measurements. The 

temperature of the sample stage was controlled to ±0.1 K by K-20 controller in conjunction 

with high pressure nitrogen gas that was passed through a nozzle in the stage system of the 

chamber. The measurements were made at 300 K on all the samples. After the set 

temperature was reached, the internal source of the SR 830 DSP (Stanford Research Systems) 

lock in amplifier was used to supply power at the set input voltage V1 and sinusoidal 

frequency f and the in-phase output voltage V3 was measured at frequency 3f.   
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The measurements were made as a function of frequency f (2f=) that was increased 

from 1 Hz to 3.5 kHz in different steps to cover the complete range.  The electrical resistance 

(R) and temperature coefficient of resistance (=dR/RdT) of the heater line were measured 

from the four contacts. Keithley source meter 2400-LV and the nanovoltmeter 2182 were 

used with reverse current procedure to cancel out the thermal electromotive force (emf) at the 

contacts. The average of the absolute value of the voltage was used to determine the 

resistance using ohm’s law.  The temperature was varied from 290 to 315
 
K in steps of 5

 
K to 

determine the value of .  

The increment in temperature of the heater line as a function of frequency was 

calculated using 
21

, 

dT= 2V3/(V1)                                  Equation 4.1  

The power input per unit length into the heater was determined from V1
2
/(lR) where l 

is the length of the heater line. A graph of dT per unit power input was generated as a 

function of ln(f) over the complete range of frequency. These results were curve fitted using 

multilayer analysis 
22,26

 with the help of a computer program.  

       The multilayer analysis is based on previous published results of temperature 

increment dT 
22,26

 of the heater line. A Gaussian integration procedure was used to evaluate 

the integral in the equation for dT with precision to the second decimal place. The analysis 

uses thickness, heat capacity and thermal conductivity of each layer in the cross-plane and in-

plane directions. A computer program was used to determine the values of dT from the 

known values of the different parameters of each layer except the values of K. The value of  
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K of Ti, Si, polymer and ZrO2 was assumed to be isotropic. The anisotropic values of K of 

the composite were evaluated. The values of Kx and Ky were modified during the numerical 

analysis to fit the experimental data and found that the value in the in-plane (Kx) and the 

cross-plane (Ky) direction is equal. The top ZrO2/polymer film had lower thermal 

conductivity. The parameters associated with ZrO2/polymer film are provided in the results 

of curve fitting described further below. 

4.2.2.2 Transient thermo-reflectance (TTR) 

 

The TTR set up used is similar to that described in reference 
23

. Spectra Physics Nd-

YAG laser source in the second harmonic (532 nm), pulse duration >6 ns, and repetition at 

10 Hz was used to heat the sample surface. The pulse duration decreased from a larger value 

and reached 6 ns when the oscillator was at full power. Therefore, the pulse width was 

monitored during the experiment. The probe laser is continuous, wave length 650 nm, and 

variable power up to 15 mW. The two laser beams were focused on the sample surface to a 

spot size close to 30 m using a 10X objective (ThorLabs LMH-10x-532) designed for Nd-

YAG laser. The reflected laser beam was detected by a silicon photo diode (DET 10 A from 

ThorLabs) with 1 ns rise time. The output from the detector was amplified using Stanford 

Research Systems 4 channel amplifier (Model SR 445 A, 350 MHz) and recorded using 

Tektronix DPO4104 B oscilloscope. The signal in the oscilloscope was triggered by output 

from another silicon diode (DET 10 A) used to detect the Nd-YAG laser pulse prior to 

incidence on the sample surface. The noise in the red probe laser beam also got amplified  
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along with the reflected signal from the sample surface.   

 

4.3 Results 

4.3.1 Scanning electron microscopy and Energy dispersive spectrometry  

 

         The samples were examined in the SEM using back scattering mode as GPs were 

identified with dark contrast. The SEM image of the plan view of the composite film is 

presented in Figure 4.2.  There are regions of stronger and weaker contrast from the GPs. 

GPs slightly below the surface also give rise to weak dark contrast while those on the surface 

give rise to strong dark contrast. GPs dispersed uniformly were observed between bands of 

GPs. The areal fraction of the GPs was evaluated by image analysis and found to be 0.35. 

The areal fraction cannot be associated with the volume fraction of GPs as films underneath 

the surface also contribute to the contrast. EDS spectrum of Ti film on Si is shown in Figure 

4.3. The spectrum contains only peaks from Ti and Si. The absence of oxygen or nitrogen 

peaks indicates the absence of these interstitial elements in detectable amounts in the top Ti 

layer. However, weak signal from low atomic number carbon from GPs could not be detected 

in the composite as the top Ti film present on all the samples absorbed and suppressed the 

carbon peak. EDS spectrum collected from the film of GPs, not shown here, showed the 

carbon peak.  
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Figure 4.2. SEM image collected using backscattering mode to reveal the GPs dispersed in 

the composite. The strong dark contrast arose from the GPs on the surface and the weak dark 

contrast arose from the GPs underneath the surface. GPs dispersed uniformly were observed 

between bands of GPs. 

 

 

 

 

Figure 4.3. EDS spectrum collected from sample of Ti film deposited on Si substrate. 

Absence of peaks from O, N, and C is noted. 
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4.3.2 Three-omega and TTR 

The increment of temperature per unit power input (dT/(P/l)) into the heater is shown 

in Figure 4.4 for the Ti film and composite film present on Si substrate along with the curve 

fitted values determined by the multilayer analysis. The results of multilayer analysis closely 

fitted with the experimental values.  The different parameters used in the analysis of dT 

associated with the composite film are shown in Table 4.1. The data used for curve fitting the 

results for Ti film are not shown for brevity. Table 4.2 contains the results obtained for the 

thermal conductivity of Ti and the composite using the multilayer analysis. The value of K 

for the Ti-GP-Ti composite improved to 40 Wm
-1

K
-1

 from 21 Wm
-1

K
-1

 of Ti. The value of Kx 

was found to be equal to that of Ky. 

The normalized TTR signal variation with time from Au-GP-Ti-Si, Ti-Si and Ti-GP-

Ti-Si samples is shown in Figures 4.5, 4.6 and 4.7, respectively. The wavy line in these 

figures is the experimental result and the smooth line is that obtained from curve fitting 

analysis described further. The waviness arises from the noise in the red laser used to 

determine the TTR signal. The parameters used in the curve fitting of the TTR variation with 

time are shown in Table 4.3. The values of K and C of Ti and Si are chosen to be the bulk 

values. The value of K for the GPs in the C-direction is also known to be small and we have 

chosen the value to be 50 Wm
-1

K
-1

. The composite layer is represented by a single medium. 

In the sample Au-GP-Ti-Si, the substrate Si with high thermal conductivity (150 Wm
-1

K
-1

) 

had no significant effect because Ti with lower value of K (21 Wm
-1

K
-1

) was limiting heat 

transfer. Similarly, the substrate layer of Si with high value of K had no significant effect in  
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the Ti-GP-Ti-Si sample also, however, the value of h between the composite and Si was 

significantly lower, as shown in Table 4.4. The values of h between different layers, 

represented with the subscripts, are shown in Table 4.4. The results indicate that the value of 

h is 200 MWm
-2

K
-1

 between Ti and Si. However, the value of h between Au and GP is lower 

with value near 20 MWm
-2

K
-1

 and that between GPs and Ti is also lower at 22 MWm
-2

K
-1

. 

Similarly the value of h between composite and Ti is 22 MWm
-2

K
-1

 and that between 

composite and Si is lowest at 3 MWm
-2

K
-1

. The experimental result of TTR signal variation 

with time for the Ti-GP-Ti-Si sample was curve fitted with three different values of K and 

shown in Figure 4.7. The results clearly illustrate that the value of K is larger than that of Ti 

and greater than 40 Wm
-1

K
-1

. We have chosen a value of 40 Wm
-1

K
-1

 for the composite.  

 

4.4 Discussion 

 

       We have used magnetron sputtering to deposit the Ti and Ti-GP composite films to 

avoid interstitial elements that drastically reduce the value of K. Also, the size of the GPs is 

maintained higher so that the contribution from GPs to the value of K is not reduced. The 

size distribution of the GPs has been found 
13 

to follow skewed normal distribution with a 

maximum at 0.64 m and range of 0.3 to 5 m.  It has been shown that both smaller size 
27 

of 

GPs and quenching of phonons by the matrix reduce the effective value of K of GPs 
28, 29

.
 

The presence of regions with different levels of dark contrast in the SEM micrograph, shown  
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in Figure 4.2, arises from GPs from the surface and from beneath the surface. The volume 

fraction of the GPs is expected to be well below 0.35 in the composite. EDS of the Ti film 

indicated the absence of interstitial elements and only peaks from Ti are present in addition 

to that of the Si substrate.  

 

 

 

Table 4.1. The parameters used in the multilayer analysis to curve fit the experimental results 

of increment of temperature per unit power input shown in Figure 4.4 for the Ti-GP-Ti-Si 

sample of the composite.  Also, the half-width of the heater, b=26 m. The cross-plane 

direction is y and the in-plane direction is x. 

____________________________________________________________ 

Layer              Ky             Heat Capacity         Thickness 

                                           (Wm-1K-1)        (106 Jm-3K-1)           (m) 
________________________________________________________ 
ZrO2+Polymer                        1.7                    0.9                       50.0 

Ti-GP-Ti-Si                           40.0                   2.0                         3.5 

Si                                          150.0                  1.6                      550.0   

________________________________________________________   
 
 
 
       The results from 3 method indicate that the value of K of the composite improved 

from 21 to 40 Wm
-1

K
-1

 and the anisotropy factor (Kx/Ky) is found to be unity. The higher 

value of K in the a-b plane and the smaller size of the uniformly distributed GPs compared to 

the heater width and length is considered responsible for the isotropic thermal conductivity. 

Although the thickness of Ti and the composite films is smaller than 3.5 m, the lower 

values of K compared to that of Si and hence higher slope enabled the determination of K  

 

 



62 

from the 3 method.  

 
 

 
Figure 4.4. The increment of temperature of the Au heater line per unit power input shown as 

a function of ln(f) for Ti or composite film present on Si substrate. Both the experimental 

results (-exp) and the curve fitted values (-sim) using multilayer analysis are shown. 
 
 
 

 
Figure 4.5.  Normalized TTR signal shown as a function of time in the sample of Au-GP-Ti-

Si. 
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Figure 4.6.  Normalized TTR signal shown as a function of time in the sample of Ti-Si. 

 

 

 

 

Figure 4.7.  Normalized TTR signal shown as a function of time in the sample of Ti-GP-Ti-Si. 

 

 

   TTR is better suited for determination of K and h in the samples because signal  
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variation is measured for smaller periods of time (s) and hence the results are sensitive to 

heat transfer in thinner films. Also, the values of h at two interfaces are determined. The 

value of h between Ti and Si is found to be 200 MWm
-2

K
-1

 which is not low, as shown below.  

We have used the acoustic mismatch 
30

 and diffuse mismatch models 
30,31

 to evaluate h 

associated with different interfaces. The thermal conductivity in Ti is electron mediated 

while that in Si is phonon mediated. The interface thermal conductance is evaluated using  

 

 

Table 4.2. Results of multilayer analysis of the experimental results obtained from 3 

measurements on the Ti-Si and Ti-GP-Ti-Si samples. Ky is the cross-plane value and Kx is 

the in-plane value of thermal conductivity of the film. The heat capacity (C) of Ti is taken to 

be 2.3x10
6
 Jm

-3
K

-1
 and that of the composite to be 2.0x10

6
 Jm

-3
K

-1
. Diffusivity is determined 

from Ky/C. 

___________________________________________________________________________ 

Sample               Ky                       Kx/Ky                   Diffusivity                            Thickness of the film 

                      (Wm
-1

K
-1

)                                     (10
-4

 m
2
s

-1
)                                           (m) 

__________________________________________________________________________ 

Ti                         21                   1.0                           0.09                                           1.4 

Ti-GP-Ti-Si         40                   1.0                            0.20                                          3.2 

__________________________________________________________________________ 
 
 

 

electron-phonon coupling in Ti and phonon-phonon coupling between Ti and Si.  The 

electron-phonon coupling term, hep, in Ti is determined using 
32

,    

Gep=Cem/ and hep=(GepKpm)1/2                                         Equation 4.2  

where Cem is the electronic specific heat of Ti and  is the relaxation time for electron- 
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phonon energy transfer. The electronic specific heat is calculated using the Cem=T where 

=320.0 J/m
3
K

2
 from Table 4.5 

33
. The relaxation time is assumed to be 1 ps 

32
 so that 

Gep=9.6x10
7
 GWm

-3
K at 300 K. The phonon thermal conductivity of Ti  is calculated from 

Kpm=Clmvdmlp/3 where Clm is the lattice specific heat, vdm the Debye phonon velocity and lp is 

the phonon mean free path taken to be 5 nm 
32

. Using the values listed in Table 4.5, Kpm=14.4 

Wm
-1

K
-1

. The contribution to the interfacial thermal conductance from electron-phonon 

coupling, hep, is found to be 1.18 GWm
-2

K
-1

.   

 
 
Table 4.3. Parameters used in the analysis of the TTR signal. Here d is used to represent the 

thickness, K for thermal conductivity and C for the heat capacity of each layer. Also, d is in 

micrometers, K  in Wm
-1

K
-1

 and C in 10
6
 Jm

-3
K

-1
.  

________________________________________________________________________ 

Sample                         First layer                 Second layer                   Third layer 

                               d1         K1         C1          d2        K2           C2           d3            K3          C3 

________________________________________________________________________ 

Au-GP-Ti-Si          0.3      310       2.4        1.5       50        1.5          0.5        21          2.3 

Ti-Si                      1.4        21       2.3         3.5     150       1.6            -              -             - 

Ti-GP-Ti-Si           0.5        21       2.3         3.0       40       2.0          3.5      150          1.6 
________________________________________________________________________ 
 
 
 

The phonon-phonon contribution, hpp, to the interface thermal conductance is 

determined from the acoustic (AMM) and the diffuse mismatch models (DMM) 
30,31

.  In the  

(AMM) 
30

,  
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hpp=Clm vdm /4                                 Equation 4.3 

where  is the transmission coefficient determined from  

=4ZmZg/(Zm+Zg)
2                            Equation 4.4 

where Z is the acoustic impedance of each medium  given by the product of density and 

Debye velocity, the subscripts, m  and g refer to Si and Ti, respectively.   The value of hpp 

from AMM is determined using the values of parameters listed in Table 4.5 
34, 35

 and found to 

be 2.56 GWm
-2

K
-1

. The value of hpp in the diffuse mismatch model (DMM1) 
30

 is given by 

hpp=  1.02x1010 T3 {  (1/vm
2)  (1/vg

2}/{  (1/vm
2 +1/vg

2}                     Equation 4.5 

 

 

Table 4.4. The values of h in MWm
-2

K
-1

 evaluated from TTR signal. The subscript C 

represents the composite layer.  

________________________________________________________ 

Sample                      hAu-GP                   hGP-Ti                  hTi-Si                   hTi-C                     hC-Si 

_______________________________________________________________________________________ 

Au-GP-Ti-Si                20                 22                  -                -                  - 

Ti-Si                              -                    -                200               -                  - 

Ti-GP-Ti-Si                   -                    -                   -                22                3 
_________________________________________________________ 
 
 
      

In equation (4.5), the summation is performed over the longitudinal and the two  

transverse modes in Ti and Si. Using the parameters given in Table 4.5 
29, 33-36

, the value of 

hpp is found to be 15.2 GWm
-2

K
-1

. The net thermal conductance 
32

 determined from  
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1/h=1/hep+1/hpp is 1.1 GWm
-2

K
-1

 from DMM1 30 and 0.81 GWm
-2

K
-1

 from AMM, as shown 

in Table 4.6. An alternative expression from diffuse mismatch model (DMM2) 
31

 is,  

hpp= Clm vdm Clg vdg/4(Clmvdm+Clgvdg)                       Equation 4.6 

where C represents, as before, the lattice specific heat and vd the Debye velocity. Using the 

parameters provided in Table 4.5, the value of hpp is 1.17 GWm
-2

K
-1

.  In this case, the net 

thermal conductance, h, is found to be 0.59 GWm
-2

K
-1

.  From the above results, the lowest 

and highest values of h between Ti and Si are 0.59 and 1.10 GWm
-2

K
-1

, as shown in Table 

4.6.  The experimental value is three times smaller than the smaller value from the above 

analysis. Ti is known to form a good bond with Si.  Silicides of Ti are also expected, 

however, the thickness of the interaction layer is expected to be very small because the 

deposition of the films is performed at room temperature. In addition, the films of Ti 

deposited at room temperature are expected to be submicron in grain size with large grain 

boundary area responsible for scattering of phonons and thus reduce the value of h.  

Modeling of experimental TTR results in the sample Au-GP-Ti-Si shown in Figure 4.5 

provided the value of h between Au and GP to be 20 MWm
-2

K
-1

 and that between GP and Ti 

to be 22 MWm
-2

K
-1

. These values of h in the C-direction between GPs and metal films are 

similar to the results presented previously 
15,16

 with h near 25 MWm
-2

K
-1

.  The value of K in 

the a-b plane in GPs is known to be much higher which also explains the isotropic K of the 

composites obtained in the 3 measurements. Modeling of the experimental TTR signal  

variation, presented in Figure 4.7, showed that the value of K of the composite is better than 

40 Wm
-1

K
-1

. The value of h between the top layer of Ti and the composite layer is close to  
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that between Ti and GPs in the composite which is expected. However, the very low value of 

h between the composite layer and Si at 3 MWm
-2

K
-1 

could arise due to poor interfacial 

contact between Ti and GPs. This value is associated with Ti/GP/Ti layers at the interface 

close to the Si substrate. The interface consists of the Ti film deposited on Si. The next layer 

consists of GPs deposited on Ti followed by another layer of Ti. The heat flux between Ti 

and Si is clearly interrupted by the area fraction of GPs with low thermal conductivity in the 

C-direction although conduction in the a-b plane takes place efficiently.  Heat flux between 

Ti and Si is effectively confined to the remaining area and the low value of h is associated 

with the restricted heat flux at the interface.  

It is instructive to model the value of h between GPs in the ab plane and Ti to 

determine if it is responsible for limited value of K in the composite. We assume phonon-

phonon coupling between GPs and Ti and electron-phonon coupling in Ti as before. The 

contribution to h from phonon coupling given by hpp is evaluated using AMM 
30

, DMM1
30

 

and DMM2 
31

 and presented in Table 4.6. The values of acoustic velocity in GPs and Ti 

provided in Table 4.5 are used. The contribution from electron-phonon coupling, hep, in Ti is 

already evaluated so that h has a lower value of 0.66 GWm
-2

K
-1

 using DMM1 and a higher 

value of 1.0 GWm
-2

K
-1

 using AMM, as shown in Table 4.6.  These values are reasonably 

high so that thermal conductivity of the composite is isotropic and remains above the value 

of Ti.  The higher value of h in the a-b plane between Cu and graphene has also been  

reported 
13,14,17

. Further improvement in the value of K of the composite depends on the 

increase in size and volume fraction of GPs, higher temperature deposition of Ti to achieve  
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bigger grain size and annealing of the films in vacuum to improve the contact between Ti and 

GPs. 

 

 

Table 4.5.   Parameters used in the calculation of the interface thermal conductance. Ti and Si 

are treated as three-dimensional medium (3/vd2 =1/vl2+2/vt2) and graphene as two-

dimensional medium (2/vd2=1/vl2+1/vt2) for calculating the Debye velocity, vd. The values of 

acoustic velocity vl and vt are calculated from values of elastic constants from references 
34

 

for Ti, from reference 
35

 for Si and from references 
29, 36

 for graphene. The value of is taken 

from reference 
33

 for Ti.  

_________________________________________________________________________ 
 

Medium 

 

 

 

 

Density 

(10
6
gm/m

3
) 

Velocity (10
3
 m/sec) 

 

Lattice 

Specific 

heat 

(106 
J/m3.K) 

 


(10

3 

J/m
3
.K

2
) 

Longitudinal 
vl 

Transverse 

vt 
Debye 

vd 
_________________________________________________________________________ 

Ti 4.50 6.07 3.13 3.60 2.40 0.32 

Si          2.33     8.43   5.84 6.42 1.60 - 

Graphene 2.26 24.00 16.00 18.80 1.84 - 
__________________________________________________________________________ 
 

 

 

4.5 Conclusions 

 

The Ti-GPs-Ti composites films have been prepared by magnetron sputtering of Ti and 

dispersion of GPs on the Ti film up to six times to a thickness of 3.5 m.  Thicker films of Ti 

were also grown under the same conditions on Si.  Samples of GPs deposited on Ti film on  

Si and coated with Au film as transducer were used for determination of interface thermal 
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conductance between GPs and Ti. Thermal conductivity of the films has been determined by 

the 3 and TTR methods. The TTR method has also been used to determine the interface 

 

 

Table 4.6.  Different components of thermal conductance across Ti and Si and Ti and 

graphene interfaces. All values of thermal conductance are given in units of GWm
-2

K
-1

. 

Values obtained using the acoustic mismatch (AMM) and the diffuse mismatch (DMM1 and 

DMM2)) models are listed for hpp. 

_________________________________________________________________________ 

electron-phonon and 

phonon-phonon coupling in 

Ti-Si 

Total 

thermal 

conductance 

Phonon-phonon and electon-

phonon coupling in Ti-GPs 

Total 

thermal 

conductance 

hep 

(Ti) 

hpp(Ti-Si ) h (Ti-Si) hep(Ti) hpp (Ti-GPs) h (Ti-GPs) 

 

________________________________________________________________________ 

1.18   2.56 (AMM) 0.81 1.18 6.91 (AMM) 1.00 

1.18 15.20 (DMM1) 1.10 1.18 1.51 (DMM1) 0.66 

1.18   1.17 (DMM2) 0.59 1.18 1.73 (DMM2) 0.70 

_________________________________________________________________________ 
 

 

 

thermal conductance between Ti and Si or Ti and GPs. The results from the 3 and TTR 

methods corroborate and indicate that the thermal conductivity of the composite is improved 

to 40 Wm
-1

K
-1

 from 21 Wm
-1

K
-1 

of Ti. The areal fraction of GPs is found to be 0.35 by SEM 

imaging. The value of h between Ti and Si was found to be 200 MWm
-2

K
-1

. The value of h 

between GPs and Ti or GPs and Au remained lower near 22 MWm
-2

K
-1

. Modeling using 

AMM and DMM indicated that the interface thermal conductance in the a-b plane between  
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GPs and Ti is fairly large that it is not responsible for limiting the thermal conductivity of the 

composite.  The smaller grain size of Ti film deposited on Si is considered to be a 

contributing factor for the lower value of h between the Ti and Si compared to the value from 

modeling. The lower value of h between the composite film and Si is considered to arise 

from the partial coverage of area with GPs and the restricted heat flux.  
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CHAPTER 5 INFLUENCE OF LASER IRRADIATION AND MICROWAVE PLASMA 

TREATMENT ON THE THERMAL PROPERTIES OF GRAPHENE PLATELETS 

 

(Published paper, see “Zheng, H. and Jagannadham. K., Journal of Vacuum Science and 

Technology A, “Influence of laser irradiation and microwave plasma treatment on the 

thermal properties of graphene platelets” (2013), 23, 041506”) 
 

5.1 Introduction 

 

Graphene with superior carrier mobility
1,2

 is considered to be valuable for future 

semiconductor and optical devices.
3–6

 Microwave plasma treatment
7
 and laser irradiation

8–10
 

are steps used in device synthesis and processing. Raman spectroscopy was used extensively 

to characterize the changes that occur upon various treatments to graphene and to understand 

the damage created in graphene.
11–14

 It has been shown that continued laser irradiation at 

moderate levels of 1 mW during collection of Raman spectrum gives rise to formation of 

nanocrystalline network.
14

 Defect formation leading to degradation was observed in 50 fs 

duration at damage threshold of 2.7×10
12 

W cm
-2

 when laser irradiation with wavelength of 

790 nm was used. The damage was found to generate nanocrystalline regions of size 2 nm 

that were identified by development of D peak in comparison to that of the G peak.
9
 UV laser 

irradiation with wavelength 248 nm and pulse duration 20 ns showed that graphene is stable 

up to power density of 3.8 MW cm
-2

 but the strength and width of the D peak have increased 

as a result of defect generation and formation of nanocrystalline grains.
8
 We have carried out  
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laser irradiation and microwave hydrogen plasma treatment on different films of graphene 

platelets (GPs) in order to determine the changes in the size of the nanocrystalline regions 

and the defect formation. The thermal transport properties of these GP films have been 

determined using transient thermo-reflectance (TTR) so that the process related changes can 

be understood in the graphene devices. 

5.2 Experiment 

 

The work in this chapter was carried out using GPs prepared from chemical 

exfoliation as larger quantities are synthesized by this method for many technological 

applications. GPs were prepared by chemical exfoliation
15–17

 of graphene oxide prepared 

from microcrystalline graphite supplied by Asbury Graphite Inc. The details of the 

preparation of the GPs are described in our previous work on In–graphene
15,16

 and Cu–

graphene
17

 composites. GP suspension in isopropyl alcohol was prepared by sonication. Pure 

Cu substrates in the form of foils with thickness 0.5mm were prepared by mechanical 

polishing using 600 grade 3M SiC abrasive paper followed by polishing on wet cloth using 

alumina abrasive of 0.05 m size. The Cu foils were etched with dilute sulfuric and nitric 

acid mixture to remove the abrasive particulates. GPs are deposited on the polished Cu 

substrates to form a film of thickness near 4 m. The larger thickness of 4 m for the film 

was chosen so that GPs are not completely etched away after laser or hydrogen plasma 

treatment. The GPs in the suspension showed skewed normal size distribution between 0.3  
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and 5 m with a maximum near 0.64 m.
16

 The thickness of GPs also varied from monolayer 

to eight to ten atomic layers. The random orientation of GPs on Cu substrate was responsible 

for the surface of the film to be not very smooth. Therefore, Au film of thickness ~1.5 m 

was deposited by laser physical vapor deposition on all the films of GPs after different 

treatments.  

The GP films on the Cu substrate were subjected to laser irradiation or microwave 

plasma treatment. Nd-YAG laser beam of 8mm diameter, wavelength 266 nm, energy of 

50mJ, pulse duration of 6 ns, and repetition rate of 10Hz was used to irradiate the film for 5 s 

to cover the complete area of the sample of ~2 cm
2
. Another set of samples of GP film on Cu 

were subjected to microwave plasma of hydrogen for 300 s or 600 s. The microwave power 

was kept at 400W with the hydrogen partial pressure of 20 Torr. Visually smoothening of the 

GP films was observed after either laser or plasma treatment. All the GP films were 

characterized using Raman spectroscopy and scanning electron microscopy. TTR was used in 

order to determine the thermal transport properties. As mentioned previously, the GP film 

was first coated with Au film after different treatments and then In film was pressed on the 

top. The Au film served the purpose of providing conformal and non-interacting contact with 

GPs. The top In film was used as the transducer because it provided good TTR signal for the 

red laser beam (650 nm wavelength) used to probe the sample surface temperature. A 

schematic arrangement of stacking of different layers in the samples is provided in Figure 5.1. 
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Figure 5.1. (Color online) Schematic illustration of stacking of different layers in all the 

samples. 

 

 

5.3 Results 

5.3.1. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) was carried out in back scattering mode to 

observe the GPs and morphology of the film. The SEM images presented in Figure 5.2(a)–

5.2(c) provide the morphology and surface smoothness of GP films for the untreated, laser 

treated, and hydrogen plasma treated for 5 min, respectively. The SEM image in Figure 5.2(a) 

illustrates that GPs of different size were oriented randomly in the untreated film. The GP 

film that was laser irradiated and shown in Figure 5.2(b) exhibited improved surface 

smoothness. The SEM image of the plasma treated film shown in Figure 5.2(c) has smoother 

surface than the untreated and laser treated film. Laser irradiation with Nd-YAG (266 nm) 

beam was responsible for simultaneous ablation and smoothening of graphene film whereas 

plasma treatment was responsible for etching and smoothening of randomly oriented  

graphene platelets. The thickness of GP films was 4 m for the untreated, 3 m for the laser  
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irradiated, 2.5 m for the hydrogen plasma treated for 5 min, and 1.5 m for the hydrogen 

plasma treated for 10 min. The Au film on the top of GP film was conformal. 

 

 

 

Figure 5.2. (a) SEM image of untreated GP Film deposited on Cu substrate. (b) SEM image 

of surface of the GP film that was laser treated. (c) SEM image of surface of the GP film that 

was hydrogen plasma treated for 5 min. 

 

 

5.3.2. Raman spectroscopy 

Raman spectrum was collected from the samples before deposition of Au film using 

Reinshaw Raman spectrometer with 515.5 nm laser beam and grating of 2400 lines/mm with 

resolution of 1 cm
-1

. The Raman spectrum from the different films is shown in Figure 5.3. 

The Raman spectrum from each sample was curve fitted with two Lorentz peaks to include 

the D and the G peaks. The D’ peak appeared close to 1625 cm
-1

 and was not included in the 

curve fitting as it did not provide any additional information on the defects and disorder in 

the GP film. Table 5.1 shows the results of the analysis of the Raman spectra in all the 
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samples.  

The results in Table 5.1 show that the ratio of intensity of the D peak to that of the G 

peak has increased with laser irradiation or microwave plasma modification. Similarly, the 

width of the D peak has also increased. A small shift in the G peak is also present in the 

plasma treated film, but a larger shift is present in the laser irradiated film of GPs. The other 

derived parameters La and Ld that represent the crystallite size and the average distance 

between the defects are described in the following sections. 

 

 

 
Figure 5.3. (Color online) Raman spectra from films of GP for different treatments are shown. 

The spectra are shifted vertically, and the three different peaks are labeled. 

 

 

 

5.3.3 Transient thermo-reflectance 

The films of GPs with Au and In film on the top were used to determine the TTR 

signal and evaluate the thermal conductivity of GPs and the interface thermal conductance.  
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Table 5.1. Parameters used in the curve fitting of Raman spectra in all the samples. The 

position and the FWHM are given in cm
-1

. La is the crystallite size, and Ld is the size of the 

defect region in nm. Ratio of intensity of D peak to that of G peak, ID/IG, is shown. 

 

 

 

The TTR set up in the present experiments is similar to that described in Ref. 18. The 

advantages of TTR are that it is a noncontact method and several interfaces separated from 

each can be characterized simultaneously by curve fitting the decay of the TTR signal with 

time. Nd-YAG laser source, wavelength 532 nm, pulse duration 6 ns, and repetition of 10 Hz 

was used to heat the sample surface. The effect of this laser incidence on the underlying GP 

film below Au film is insignificant compared to that of the laser treatment with 266 nm or 

microwave plasma treatment in hydrogen. A continuous red laser beam, wavelength 650 nm 

and variable power up to 15 mW, was used to measure the TTR signal. The two laser beams 

were focused on the sample to a spot size of ~25 m using a 10× objective (ThorLabs LMH- 

10×-532). The reflected laser beam was detected by a silicon photo diode with 1 ns rise time 

(ThorLabs DET10). The output from the detector, amplified using Stanford Research  
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Systems 4 channel amplifier (Model SR 445 A, 350 MHz), was recorded using Tektronix 

DPO4104 B oscilloscope. The TTR signal was triggered by output from another silicon diode 

that was used to detect the Nd-YAG laser pulse prior to incidence on the sample surface.  

The reference sample consisting of the as deposited or untreated GP film on Cu, 

coated with Au film and pressed In film (In-Au-gr-Cu) on the top, was used to measure the 

TTR signal. The variation in TTR signal with time is shown in Figure 5.4. The TTR signals 

from laser irradiated sample (In-Au-gr-laser-Cu), plasma treated sample for 300 s (In-Au-gr-

PL1-Cu), and the plasma treated sample for 600 s (In-Au-gr-PL2-Cu) are shown in Figure 

5.5–5.7, respectively.  

It is clear that the results on all the samples contain two distinct regions of TTR signal 

variation. The initial or fast variation arises from the conduction of heat in the top metal films 

of In and Au. The slow variation seen in the second region corresponds to heat transfer in the 

GP film. The slope of the second region is a good indication of the thermal conductivity of 

GP film and the interface thermal conductance. The interface thermal conductance between 

In and Au, Au and GP film, and GP film and Cu are also important parameters that control 

the heat transfer and hence the TTR signal variation. The thermal conductivity of GP film in 

the direction normal to the film, which is along the c-axis of graphene, is low. In addition, the 

interface thermal conductance between Au and GP film and the GP film and Cu is also low. 

The results of TTR signal variation with time are modeled using the one-dimensional heat 

conduction equation. The size of the laser beam was much larger than the thermal diffusion 

depth in the multilayer. The justification for the one-dimensional heat transfer in these 
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experiments is provided by several researchers.
18–21

 

 

 

 

Figure 5.4. (Color online) Normalized TTR signal from In-Au-gr-Cu sample shown as a 

function of time. The wavy signal (blue) is experimental and the smooth line (red) is the 

simulated result. Thickness of In, Au, and GP films were 1.5, 1.5, and 4 m, respectively. 

 

 

 

 

Figure 5.5. (Color online) Normalized TTR signal from In-Au-gr-laser-Cu sample shown as a 

function of time. The wavy signal (blue) is experimental and the smooth line (red) is the 

simulated result. Thickness of In, Au, and GP film are 0.7, 1.5, and 3 m, respectively. 
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Figure 5.6. (Color online) Normalized TTR signal from In-Au-gr-PL1-Cu sample shown as a 

function of time. The wavy signal (blue) is experimental and the smooth line (red) is the 

simulated result. Thickness of In, Au, and GP film are 1, 1.7, and 2.5 m, respectively. 

 

 

 

 

Figure 5.7. (Color online) Normalized TTR signal from In-Au-gr-PL2-Cu sample shown as a 

function of time. The wavy signal (blue) is experimental and the smooth line (red) is the 

simulated result. Thickness of In, Au and GP film are 0.6, 1.7, and 1.5 m, respectively. 

 

 

The normalized temperature profile (T/Tmax) was used to fit the normalized TTR  
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signal variation with time t obtained experimentally using the parameters described 

previously. The time interval was taken at 0.05 ns, and the position interval was chosen to 

satisfy the stability condition in the solution of the differential equation. The thermal 

conductivity of In, Au, and Cu are assumed to be 80, 310, and 380 Wm
-1

K
-1

, respectively. 

The heat capacity of In, Au, GPs, and Cu are assumed to be 1.68, 2.4, 0.56, and 3.4 MJm
-3

K
-1

, 

respectively. The results of analysis of the TTR signal were very sensitive to the thickness of 

In, Au, and GP film, the thermal conductivity of each layer, and the value of thermal 

conductance at each interface. A unique solution existed for each set of values of the 

parameters. Thus, the analysis has provided unambiguous values of the parameters within the 

accuracy of the finite difference solution. The thickness of Cu substrate was assumed to be 

large. The results of analysis of TTR signal are shown in Table 5.2. 

 

 

Table 5.2. Thermal conductivity of GP film, K(gr), interface thermal conductance between In 

and Au, h(In-Au), and interface thermal conductance between Au and GP film, h(Au-gr) 

evaluated from analysis of TTR signal. Interface thermal conductance between GP film and 

Cu was close to that of Au and GP film. The thickness of the GP film was 4 m for the as 

deposited, 3 m for the laser irradiated, 2.5 m for the plasma treated for 300 s, and 1.5 m 

for the plasma treated for 600 s. 
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The results presented in Table 5.2 show that the thermal conductivity of the laser 

irradiated GP film is reduced significantly from 20 Wm
-1

K
-1

 to 6 Wm
-1

K
-1

 of the as deposited 

film. Plasma treatment for 300 s and 600 s also reduced the thermal conductivity to 12 Wm
-

1
K

-1
 and 6 Wm

-1
K

-1
, respectively. The interface thermal conductance between In and Au 

remained almost same in all the samples. However, the interface thermal conductance 

between the as deposited GPs and Au films was low and improved upon laser irradiation and 

plasma treatment, presumably, due to smoothening and improved contact of GP film with Au 

film and Cu substrate. These results correlate with the observed slope of the TTR signal in 

the second region in Figures. 5.4–5.7. In order to provide a comparison of the variation of the 

TTR signal the simulated signal in all the four samples with no noise is shown together in 

Figure 5.8. 

 

 

 

Figure 5.8. (Color online) Normalized TTR signal of the simulated results in all the four 

samples shown in Figures 5.4–5.7. 
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5.4 Discussion 

 

SEM image of the as deposited film, shown in Figure 5.1(a), indicates that the surface 

is not smooth and the GPs are randomly oriented. Au film was deposited so that good 

thermal contact could be made with the GP film. Laser irradiation with 266 nm laser beam 

was responsible for ablation, smoothening, and thinning of the GP film by etching. Similarly, 

hydrogen plasma was also responsible for smoothening and thinning of the GP film. It was 

previously shown that plasma irradiation with Ar/O2 gas mixture and annealing reduced the 

thickness of the graphene films
7
 and the crystallite size reached 6 nm. 

The additional modifications introduced by laser and microwave plasma treatment in 

the present work were studied by Raman spectroscopy. Raman spectroscopy has been used 

extensively to determine the structural changes and defect formation in graphene and 

graphite.
11–14,22

 The characteristic sizes determined from Raman spectra are smaller than the 

size of the GPs in the untreated film. The nanocrystalline size in irradiated graphene, La, is 

given by
11,22

 

      Equation 5.1 

The values of La calculated using Equation. (5.1) for laser and plasma treated films, 

shown in Table 5.1, illustrate a decrease in size from that of the as deposited film. A large 

decrease was found in the laser irradiated films. While microwave plasma treatment for 300 s 

was responsible for a small decrease, plasma treatment for 600 s was responsible for a 

significant decrease in La. The ratio ID/IG increased, indicating an increase in the disorder in  
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the films. The D peak is established to arise from the defects and edges in GPs.
11

 The width 

of the D peak has also increased, indicating an increase in the defect density. Additionally, 

the distance between defects Ld, which is different from the nanocrystallite size, La, is 

determined from
12

  

   Equation 5.2 

where  is the wavelength of the Raman laser beam, which is 515.5 nm, in the present work. 

The values of Ld determined using Equation. (5.2) are listed in Table 5.1. The value of Ld 

bears a good correlation with the nanocrystallite size La except for laser irradiated and 

plasma treated films for 600 s for which Ld approached La. The value of ID/IG in the laser 

and plasma treated samples is not very large compared to that in the as deposited GP films, 

and therefore, the reduction in La and Ld is also not very large. Similar observations
8
 were 

made in the samples irradiated with KrF laser, wavelength 248 nm, pulse duration of 20 ns, 

and up to 4500 pulses at power density of 3.8 MWcm
-2

. However, the increase in the full 

width at half maximum (FWHM) of the laser irradiated and plasma treated film for 600 s 

indicates that higher defect density is present and will reduce the thermal conductivity. The 

FWHM of the peaks was determined close to 1 cm
-1

. The curve fitting was also carried out 

with R-squared value close to unity. However, Equation (5.2) has a coefficient 1.8 with 

uncertainty of ±0.5, which gives rise to the determination of Ld to be within ±5 nm. We have 

used the value of the coefficient to be 1.8 and presented the values of Ld in Table 5.1. 

However, the trend in the variation of Ld remains the same for all the samples with different  
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treatments. The decrease in crystallite size is also responsible for scattering of the phonons 

and reduction in thermal conductivity. 

Results of TTR were used to determine the effect of defective regions and crystallite 

size on the thermal transport properties of GP films. The thermal conductivity is sensitive to 

scattering of carriers by defects, grain boundaries, and interfaces. The interface thermal 

conductance is influenced by the roughness of the interface, defects present, hydrogen and 

other impurities adsorbed along the interface, and the thermal conductivity of the adjacent 

phases. The thermal conductivity of the as deposited GP film in the c-direction, shown in 

Table 5.2, is found to be 20 Wm
-1

K
-1

. Similarly, the interface thermal conductance between 

In and Au is found to be 20 MWm
-2

K
-1

 and that between Au and GP film is only 7 MWm
-2

K
-

1
. The lower value between In and Au is associated with the roughness of the interface 

between Au and the pressed In contact. Similarly, the lower value of interface thermal 

conductance between Au and GP film at 7 MWm
-2

K
-1

 is also due to incomplete contact 

between Au and GPs with different orientation. Previous measurements
23

 of interface 

conductance between Ti and graphene in Au/Ti/graphene sample with smooth graphene film 

gave value close to 25 MWm
-2

 K
-1

. Here, we are able to evaluate the conductance of each 

interface in the multilayer structure. 

Results of TTR analysis of laser treated film in Table 5.2 combined with that of the 

Raman spectrum presented in Table 5.1 show that the decrease in the thermal conductivity of 

the GP film is associated with reduction in crystallite size and formation of defects. The 

interface conductance between In and Au has decreased only slightly but that between Au  
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and GP film increased significantly to 20 MWm
-2

K
-1

, presumably as a result of smoothening 

and better contact. Similar results were obtained in samples with plasma treated films of GPs. 

When the plasma treatment was only for 300 s, the thermal conductivity is reduced to 12 

Wm
-1

K
-1

because the crystallite size is slightly reduced however the interface conductance 

remained almost the same at 8 MWm
-2

K
-1

 because the smoothening of the film is not 

significant. 

When plasma treatment was performed for 600 s, the crystallite size is reduced 

significantly, and the defect density has increased so that the thermal conductivity of GP film 

is reduced to 6 Wm
-1

 K
-1

. The interface conductance has increased to 18 MWm
-2

K
-1

 as a 

result of smoothening of the surface. Although atomic level contact could have improved 

from the laser and plasma treatment, presence of hydrogen from the microwave plasma could 

be partly responsible for the lower interface thermal conductance. The formation of chemical 

bonds in the form of carbide formation between Au and C is not favorable even under non-

equilibrium laser treatment. Thus, the effect of either laser or microwave plasma treatment is 

to smooth the films and improve the contact and physical bonding between Au and GP film 

although the crystallite size is reduced and defect density is increased. 

Hydrogen plasma treatment of graphene was found to decrease whereas oxygen 

plasma treatment was found to increase the thermal conductance between Al and graphene.
21

 

It is concluded that Al has special affinity to oxygen adsorbed on the surface, which 

improved the bonding between Al and graphene. Hydrogen adsorbed on the surface does not 

improve the bonding with Al. We believe that hydrogen plasma treatment in the present work  
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also does not increase bonding with Au as it is less reactive than Al. Therefore, the 

improvement in thermal conductance after hydrogen plasma treatment is only due to 

smoothening of the surface and improved contact with Au film. 

Our measurements on In-graphene composites with laser treated GPs showed
24

 that 

the thermal conductivity of the composites is not reduced. Although the thermal conductivity 

of GPs is reduced in the c-direction, the interface thermal conductance is improved as a result 

of the different treatments presented in the present work. Therefore, the large interface area 

between GPs and the matrix contributes significantly to the net thermal conductivity of the 

composites. 

The results of thermal conductivity and interface thermal conductance presented in 

this work are parameters in the c-direction of GPs. The GPs are anisotropic with the value of 

thermal conductivity in the ab plane close to 600W m
-1

 K
-1

for single layer GP.
25

 The thermal 

conductivity in the ab plane of multilayer GPs or graphite is also high and close to 2000W m
-

1
 K

-1
.
26

 These results indicate that the thermal conductivity of composites is not severely 

restricted by the low thermal conductivity of GPs in the c-direction.
16,17

 The improvement in 

the thermal conductivity of composites with GPs arises from the higher value of thermal 

conductivity of GPs in the ab planes.  

 

5.5 Conclusions 

 

GP films deposited on Cu substrate were subjected to laser irradiation and microwave  
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plasma treatment in hydrogen. Raman spectroscopy of the films showed that the ratio of the 

intensity of the D peak to that of G peak increased, which is interpreted in terms of decrease 

in crystallite size and increase in defect density. Thermal properties of the GP films were 

investigated using transient thermo-reflectance. Analysis of the TTR signal showed that the 

thermal conductivity of GP films is reduced upon laser irradiation or plasma treatment for 

longer time. However, the interface thermal conductance increased as a result of 

smoothening of the film and improved contact between Au and GP film. 
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CHAPTER 6 INFLUENCE OF DOPANTS ON THE THERMAL CONDUCTANCE OF 

GAN–SAPPHIRE INTERFACE 

 

(Published paper, see “Zheng, H. and Jagannadham. K., IEEE Transaction on Electron 

Devices, “Influence of dopants on the thermal conductance of GaN-Sapphire Interface” 

(2013), 60, 1911”) 
 

6.1. Introduction 

 

Thermal energy dissipation in GaN LEDs, field-effect transistors (FETs), and high-

mobility transistors (HMTs) is considered important 
1–3

 for the reliable operation of the 

devices. The thermal conductivity (K) of GaN and the value of interface thermal conductance 

h between GaN and Si, SiC, or sapphire have been investigated to evaluate the factors 

limiting heat dissipation. The value of K of GaN has been investigated extensively 
3–8

 and 

remains between 130 and 210 Wm
−1

K
−1

 depending on the crystalline quality, dopant 

concentration, and dislocation density. The experimental results 
4
 coupled with modeling 

showed that although the dislocation density greater than 10
14

 cm
−2

 is responsible for the 

reduction of K, the temperature dependence above the maximum in its value is mainly a 

result of phonon–point defect interaction and umklapp scattering. The value of K of sapphire 

is close to 40 Wm
−1

K
−1

 and thus is much lower than that of GaN. Therefore, it is considered 

responsible for limiting the heat dissipation in GaN devices grown on sapphire 
9
. Heat 

generation is more significant in p-type GaN because the solubility of Mg acceptor ions is  
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limited, activation energy of electron holes is higher, and carriers are not confined 
2
. The 

lower K of doped GaN films compared with that of undoped is also a result of dopant-

phonon scattering 
4
. 

The value of h between GaN and sapphire at 5.2 K was estimated 
10

 by the 

measurement of electric-field-induced heating and was found to be close to 1 MWm
−2

K
−1

. 

These results were extended 
1
 to room temperature by using the temperature dependence, and 

h was evaluated to remain between 2 and 10 MWm
−2

K
−1

. It has been found 
1
 that the 

breakdown voltage of FET with n-type GaN (Si doped, carrier concentration of 3 × 10
17

 cm
−3

) 

was very sensitive to the value of h and was reduced from 263 to 108 V when the value of h 

decreased from 10 to 2 MWm
−2

K
−1

. These results suggest that the performance of the devices 

depends on the quality of the interface at the substrate. Micro-Raman spectroscopy 
5
, 

transient interferometric mapping 
9
, and transient electrical characterization of AlGaN/GaN 

high-electron-mobility transistors 
11

 were used to determine the value of h between GaN and 

Si or SiC. The value of h was found to be higher between GaN and Si (12 to 15 MWm
−2

K
−1

) 

or GaN and SiC (10 MWm
−2

K
−1

). However, reliable results could not be obtained directly by 

these techniques for h between GaN and sapphire, although the value was estimated to be 

close to 8 MWm
−2

K
−1

. The lower K of sapphire was found to be responsible for the difficulty 

in measuring the value of h 
12

. In this chapter, we have determined the value of h for undoped, 

n-type, and p-type GaN films grown on sapphire using transient thermo-reflectance (TTR) to 

determine the effect of dopant atoms. 
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6.2. Experiment 

 

Undoped GaN films were grown at 1038 °C on sapphire (0001) wafers by metal–

organic chemical vapor deposition using trimethyl gallium and ammonia precursors 
4
. N-type 

films with Si were grown using silane and p-type with Mg using bis(cyclo-penta)diemyl 

magnesium. The Mg dopant concentration was ~10
20

 cm
−3

, although carrier concentration 

was only close to 1017 cm
−3

 with a low mobility of 12 cm
2
V

−1
s

−1
. The Si dopant 

concentration was 7 × 10
18 

cm
−3

 with a carrier concentration of 8.6 × 10
17

 cm
−3

 and mobility 

of 317 cm
2
V

−1
s

−1
. Thin indium foils pressed onto the cleaned surface of the three GaN films 

on sapphire were used as the transducer in TTR measurements. 

TTR signal from the In film was collected at room temperature. The advantages of 

TTR are that the values of h for several interfaces in the sample could be determined 

individually and that it is a non-contact method. The details of the TTR method and analysis 

to extract the thermal properties of the underlying film of GaN and sapphire and the 

interfaces are described at length in previous works 
13, 14.

 Briefly, Nd-YAG laser beam with a 

wavelength 532 nm, repetition of 10 Hz, and pulse duration of 6 ns was used to heat the 

surface of the sample. A probe beam of continuous red laser (650 nm) was used to determine 

the TTR signal. Both the laser beams are passed through a 10× objective lens and are focused 

to 20 μm on the surface. The reflected red laser light was collected, filtered to remove the 

Nd-YAG laser light, and detected by a Si photodiode with 1-ns rise time. The signal from the 

photodiode was amplified and digitally recorded using a Tektronix oscilloscope. The decay  
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in the TTR signal with time is a measure of the changes in the surface temperature as a result 

of heat conduction into the GaN film and sapphire wafer underneath. The value of K of In is 

taken to be 70 Wm
−1

K
−1

; that of undoped, n-type, and p-type GaN determined by the three-ω 

method 
13

 is 280, 210, and 210 Wm
−1

K
−1

; respectively, and that of sapphire 
13

 is 45 Wm
−1

K
−1

. 

We have also used the TTR to characterize the surface roughness of the sapphire 

wafer 
15

. An In film was pressed on to the back surface, and the TTR signal was collected 

from the opposite transparent side of the sapphire wafer with no GaN film. Thermal strain 

pulse is created when the Nd-YAG laser beam is incident on the In film. The acoustic waves, 

generated as a result, propagate and reflect the red laser light. The details of this method are 

described at length by previous authors 
15

. The attenuation of the TTR signal was used to 

indicate the surface roughness of the sapphire wafer 
15

. 

 

6.3. Results 

 

The TTR signal from the In film on the GaN film present on sapphire is shown in 

Figure 6.1(a) for the undoped and n-type GaN and in Figure 6.1(b) for the undoped and p-

type GaN film. The signal has two regions, with fast and slow variations. The first region 

corresponds to heat transport in In. The second region is a combined result of h between In 

and GaN or GaN and sapphire and heat transport within GaN and sapphire. The values of h 

for the two interfaces are the only unknowns. The results of simulation from the solution to  
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the heat equation 
13, 14

 are also shown in Figure 6.1 by smooth continuous lines. It is seen 

from Figure 6.1 that the TTR signal decays faster in undoped GaN. The decay is slowest in 

p-type and slower in n-type than in undoped. Thus, we observed that heat dissipation is 

slowest in p-type GaN. 

Results of the evaluation of h at the two interfaces are presented in Table 6.1. The 

value of h between In and GaN is higher than that between GaN and sapphire. Also, the 

value of h between In and n-type is higher than that with undoped or p-type and is lowest 

with p-type GaN. More importantly, h between GaN and sapphire is reduced from 8 

MWm
−2

K
−1 

in undoped and n-type to 3 MWm
−2

K
−1 

in p-type GaN. Thus, devices built on p-

type GaN on sapphire substrates are severely limited by the lowest value of h. To understand 

the reasons for the lower value of h between GaN and sapphire, the surface smoothness was 

characterized by the acoustic response of the sapphire wafer with In pressed on the backside. 

The results presented in Figure. 6.2 indicate that the acoustic signal is quickly attenuated 

within ∼ 4 μs. The attenuation is a result of surface roughness and defects present in the 

sapphire wafer 
15

. 

The heat capacities of In, GaN, and sapphire are assumed to be 1.71, 3.06, and 2.65 

Jm
−3

K
−1

, respectively. The thickness of the In film was 0.7, 1.0, and 0.9 μm on the undoped, 

n-type, and p-type GaN, respectively; that of GaN was 1.5 μm in all three samples; and that 

of sapphire was 300 μm. 
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6.4. Discussion 

 

Although the numerical value of h was not established, the lower value of h between 

GaN and sapphire was indicated in the previous studies 
1, 9–12

. However, the importance of p-

type Mg dopant on the value of h was not emphasized earlier. Our present results illustrate  

 

 

 

 
Figure 6.1. Normalized TTR signal from In transducer film pressed onto (a) undoped and n-

type GaN film and (b) undoped and p-type GaN film on sapphire substrates. The wavy lines 

are experimental results and continuous smooth lines are simulated results. The wavy signal 

arises from the noise in the red laser that is amplified. 

 

 

 

that while n-type Si dopant is not responsible for the lower value of h compared with the 

undoped GaN, the p-type Mg dopant severely limits heat transfer across the interface with 

sapphire. It was previously shown that dopant-phonon 
4
 and dislocation-phonon scattering 

5
 

are responsible for the lower value of K of GaN. We now examine the reasons for the lower 

value of h.  
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Figure 6.2. TTR signal from transparent sapphire with In film on the back. The damped TTR 

signal is indicative of the surface, which is not very smooth. The attenuation of the signal 

arises from scattering at surface irregularities and defects. 
 

 

Analysis using the acoustic mismatch model (AMM) 
16

 shows that hpp due to phonons 

is given by 

    Equation 6.1 

where the subscripts f and m represent GaN and sapphire, respectively, C is the heat capacity 

and λ is the acoustic impedance given by the product of Debye velocity, vd and density of the 

medium ρ. Using the diffuse mismatch model (DMM), hpp is given by 
16

 

 Equation 6.2 

The summation in Equation (6.2) is carried out over the two transverse modes and 

one longitudinal mode of velocity of sound, and the subscripts have the same meaning as 

before. An alternate expression for hpp using DMM is given by 
17 
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   Equation 6.3 

The different parameters used in the evaluation of hpp are provided in Table 6.2. 

An additional term appears from the electron to phonon conversion of thermal energy 

in In, and this is represented by hep for the interface between In and GaN. The value of hep is 

determined using 
22

. 

     Equation 6.4 

where Ce is the electronic specific heat given by Ce = γ T with γ = 105 Jm
−3

K
−2

 from Table 

6.2 
21

 and τ is the relaxation time for electron–phonon energy transfer, assumed to be 1 ps 
22

, 

so that Gep = 31.6 × 10
6
 GWm

−3
. The phonon thermal conductivity in In is determined from 

Kp = Clvdl p/3 where Cl is the lattice specific heat and l p is the phonon mean free path, taken 

to be 5 nm 
22

. Using the values listed in Table 6.2, hep is calculated to be 3.9 × 10
8
 Wm

−2
K

−1
. 

The effective value of h between In and GaN is given by 

       Equation 6.5 

The values of different contributions of h are given in Table 6.3. The results presented 

in Table 6.3 indicate that the value of hpp in GaN–sapphire obtained from either AMM or 

DMM is three orders of magnitude larger than that determined experimentally and shown in 

Table 6.1. Several factors contribute to the difference between the experimentally observed 

value of h and that obtained from AMM and DMM. Presence of point defects and 

dislocations, dopant impurities, poor atomic level contact, and roughness of the interface  
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contribute to the scattering of phonons. These factors are addressed below. 

 

 

 

Table 6.1 Value of h between In and GaN or GaN and Sapphire obtained from simulation 

and given in unit of MWm
−2

K
−1

 

 

 

 

 

 Table 6.2 Different parameters 
18, 19 

used in the evaluation of hpp 

 

ρ is the density, vl is the velocity of sound in longitudinal mode, vt in the transverse mode, and vd is 

the Debye velocity. C is the heat capacity. γ is the coefficient in the electronic heat capacity of In 
20, 21.

 

 

 

The estimated values of h from previous measurements 
1, 9–12

 are also smaller and 

comparable to results obtained in this work. The lower value in undoped and n-type GaN on 

sapphire arises from the surface roughness of sapphire wafer. The presence of interface 
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defects and micro-cracks is also pointed out to be the mechanism for the relaxation of 

thermal stresses in GaN on sapphire 
23

. The TTR signal shown in Figure 6.2 indicates the 

attenuation of the acoustic waves. A smoothly polished and defect-free sapphire wafer will 

generate an acoustic signal that will not be damped within a reasonable time, whereas a 

substrate with surface cracks and internal defects gives rise to attenuation 
15

. It has also been 

reported that initial thermal cleaning in hydrogen ambient removes the surface roughness 
24

 

and improves the quality of GaN films on sapphire. 

 

 

Table 6.3 Different contributions to h shown in GWm−2K−1 
in GaN-Sapphire and In-GaN 

using different models 

 

Equation (6.1) for AMM, (6.2) for DMM 1, (6.3) for DMM 2, and (6.4) for hep in In–GaN are used. 

 

 

The lattice mismatch of 13.8% between GaN and sapphire is relaxed by the 

generation of dislocations during growth that are confined close to the interface. In addition, 

the thermal expansion coefficient of GaN (6.45 × 10
−6

 K
−1

) is smaller than that of sapphire  

(8.5 × 10
−6

 K
−1

) with a mismatch of –26.5% which will be responsible for compressive stress 

that will be confined to GaN film of smaller thickness. The compressive stress is relieved by 
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interfacial cracks. Therefore, the lower value of h in undoped and n-type GaN on sapphire is 

explained by all three contributions, namely, surface roughness of sapphire, high dislocation 

density at the interface, and the presence of interface cracks. 

The experimental value of h for p-type GaN on sapphire, found to be 3 MWm
−2

K
−1

, is 

much lower than that for undoped and n-type GaN. The lower value of h is indicative of the 

interfacial region where Mg ions and dislocations are sources of phonon scattering 
4, 5, 25,

 
26

. 

In addition to the high dislocation density at the interface, Mg atoms that are not electrically 

activated because of high activation energy 
2
 also segregate locally at the dislocations, 

increase phonon scattering, and reduce transmission across the interface. The Mg dopant 

concentration is two orders of magnitude higher than that of Si in n-type GaN. The reduction 

in K due to point defect-phonon scattering in ion-beam-processed GaN on sapphire was 

reported 
27

. Therefore, higher dopant phonon scattering coupled with higher dislocation 

density at the interface is responsible for the lower value of h in p-type GaN. It has already 

been pointed out 
1, 2

 that heat dissipation is severely limited in p-type GaN LED and n-type 

GaN FET. The low interface thermal conductance associated with p-type GaN–sapphire 

indicates that active devices will give rise to higher temperatures, lower transconductance, 

and reduced device performance. The value of h is useful to design the devices on p-type 

GaN so as to prevent excessive heating. 

We now consider h between In and GaN. The experimental results presented in Table  

6.1 show that the value of h is lower and remains between 18 and 28 MWm
−2

K
−1 

in the three 

different films of GaN. The results of modeling presented in Table 6.3 illustrate that hep in In  
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is lower, while the hpp contribution between In and GaN is higher. We envisage that heat 

transfer across interface occurs by the conversion of electron energy to that of phonons in In 

and that phonon– phonon coupling between In and GaN is responsible for the heat transfer. 

The In foil pressed on GaN surface does not provide good atomic level contact. Surface-

adsorbed species such as water vapor and nitrogen are trapped along the interface. In addition, 

the surface of the GaN film is also found to consist of steps, pits, and waviness 
28

. There is 

also nitrogen-deficient region close to the surface leading to the formation of thin Ga2O3 

layer. These are responsible for poor contact and lower value of h. The value of h between 

pressed In and Si was found 
13

 to be 2.5 MWm
−2

K
−1

. Similarly, the value for h for In pressed 

onto the polished Cu surface was found 
13

 to be 4 MWm
−2

K
−1

. It has been pointed that poor 

contact and the presence of adsorbed atoms are responsible for the lower value of h. These 

limitations may not be applicable because metallization on GaN devices is performed under 

high vacuum and clean room conditions.  

 

6.5. Conclusions 

 

TTR was used to measure the value of h between In and GaN or GaN and sapphire. 

The lower value (18 MWm
−2

K
−1

) of h between In and GaN is considered to arise from the 

absence of a good atomic level contact, presence of adsorbed atoms, and defects in the GaN 

surface. The value of h between undoped or n-type GaN and sapphire was found to be 8 

MWm
−2

K
−1 

and that between p-type GaN and sapphire was 3 MWm
−2

K
−1

. The lower values  
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of h for undoped and n-type GaN are associated with the surface roughness of sapphire and 

high dislocation density generated to relieve the misfit and thermal strain. The much lower 

value of h between p-type GaN and sapphire is considered to arise from the scattering of 

phonons by high Mg dopant concentration, dislocation density close to the interface, and 

surface roughness of the sapphire wafer. These lower values will be responsible for higher 

temperature during the device operation, reduced transconductance, and related changes in 

device performance. 
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CHAPTER 7 INTERFACE THERMAL CONDUCTANCE BETWEEN METAL FILMS 

AND COPPER 

 

(Zheng, H. and Jagannadham. K., “Interface thermal conductance between metal films and 

copper”, submitted to Metallurgical and Materials Transactions on April, 2013”) 

 

7.1. Introduction 

 

        Developing new thermal interface materials (TIMs) is a key activity to meeting 

package thermal performance requirements for future generations of microprocessors. 

Solders such as indium are capable of demonstrating end-of-line performance to meet current 

technology targets due to their inherent high thermal conductivity. Study of failure 

mechanisms and reliability performance of TIM as a function of integrated heat spreader 

metallization thickness, TIM bond line thickness, and die size is carried out to improve its 

temperature cycle performance. Analyses are performed using thermal resistance 

measurements, scanning-electron microscopy, scanning-acoustic microscopy, and 

transmission-electron microscopy to characterize the solder TIM thermal performance, 

interfacial microstructure, and failure mechanism 
1
.  Reliable operation of high power light 

emitting diodes and lasers is dependent on use of TIMs with lower thermal resistance and 

heat spreaders that can dissipate the heat 
2,3

. The thermal resistance of a TIM depends on the 

thermal conductivity, thickness, roughness of the interface and the microstructure 
4,5

.      

 Copper with high electrical and thermal conductivity is used as a heat spreader in  
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many electronic devices 
6
. The active devices are bonded to Cu heat spreader using a thermal 

interface material (TIM). The TIM should also have higher thermal conductivity and higher 

thermal interface conductance so that the total thermal resistance between the device and heat 

spreader is minimum. In addition, TIM is also a low melting point material that can deform 

plastically and accommodate thermal stresses generated during bonding.  In or Au-Sn alloys 

are used as TIMs for special applications as these have higher thermal conductivity 
7
 than Pb-

Sn solders and polymeric materials and composites. The interface thermal conductance 

between Cu and the TIM is an important parameter that depends on the transmission of 

energetic electrons across the interface as heat in the metals and alloys is carried by electrons 

8,9
.   

        Currently in industry, TIM testers are modeled after ASTM D 5470, "standard test 

method for steady-state thermal transmission properties of thermally conductive solid 

electrical insulation material". ASTM D 5470 test uses two metal blocks, one heated and one 

cooled, between which a TIM is placed. Temperature sensors are placed within the metal 

blocks. Since the temperature distribution is linear, the temperature of surface of the metal 

blocks in contact with the specimen can be calculated using the sensor-given temperatures 

and the distance between the sensors 
10-12

.  In addition to these measurements on TIMs, self-

heating of the devices is investigated to characterize the performance of the devices 
13

. 

The study of thermal conductivity of composites was responsible for significant 

understanding of the influence of interface thermal conductance associated with the 

interfaces. Thermal conductivity of the composites was determined using laser flash  
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technique 
14-16

. Modeling of the thermal conductivity of the composites using the thermal 

conductivity of the individual components and the thermal conductance of the interfaces 

using effective mean field analysis 
15

 enabled the determination of the contribution from the 

interfaces. These results were also helpful in understanding effective of interfacial 

microstructure and lack of bonding due to interfacial separation. Finite element modeling and 

modeling using effective mean field analysis showed that the interface thermal conductance 

can be determined 
6-7,17

. 

          A number of techniques have been used to determine the interface thermal 

conductance. Laser flash technique combined with scanning acoustic microscopy explained 

the lower interface thermal conductance to arise from poor wetting between Pb-Sn eutectic 

solder and Cu 
18

. Pico-second time-domain thermo reflectance (TDTR) measurements 
19,20

 

were used extensively to determine the interface thermal conductance between different 

materials. The variation of the temperature of the surface with time is monitored by 

measurement of reflectance from a probe laser shortly after incidence of a picoseconds-pump 

laser.  These measurements are carried out in the nanosecond time scale. Transient thermo 

reflectance (TTR) measurements using a nanosecond laser incidence are also performed with 

measurements in the microsecond time scale 
21-22

.  The determination of interface thermal 

conductance of two or more interfaces separated reasonably is the advantage of these 

techniques. The thermal diffusion of the heat pulse is monitored in both these measurements.  

While the average diffusion depth of a thermal pulse is given by (2Dt)
1/2

, it can be up to few 

micrometers depending on the value of diffusivity D and time, t.   
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In order to provide an understanding of the different parameters that control the value 

of interface thermal conductance, modeling in terms of acoustic phonon transmission has 

been studied extensively 
9,23

. The acoustic mismatch model 
23

 assumes that all the phonons 

incident to the interface are specularly transmitted or specularly reflected, and the diffuse 

mismatch model 
23

 assumes that all the phonons incident to the interface are diffusively 

transmitted or diffusively reflected.  These two limiting models were found to give very 

different results for the thermal conductance of the interface.  The probability of the specular 

transmission and the probability of the diffuse transmissions are taken to depend on the 

interface roughness and the tangential correlation of the interface asperities 
24

. 

In addition, other parameters such as interface roughness, good atomic level contact, 

bonding and wetting of the Cu surface are also contributing to the measured value of 

interface thermal conductance 
24-26

.  In this chapter, we have used transient thermo 

reflectance (TTR) to determine the thermal conductance of interface between different metal 

films and Cu. The results are used to examine the different contributing factors such as 

atomic size mismatch, solid solubility, surface energy and surface roughness. 

7.2. Experiment 

 

Cu film of thickness close to 2.0 m was deposited on polished Si (100) (Cu/Si) and 

sapphire (0001) (Cu/sapphire) wafers of thickness larger than 300 m by laser physical vapor 

deposition (LPVD). Nd-YAG laser beam with wave length 266 nm, 10 Hz repetition and 

pulse duration 6 ns was used.  The Si wafer was cleaned by etching with 49% HF acid and  
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dried with nitrogen.  The sapphire wafer was cleaned with acetone and isopropyl alcohol. 

The pre-deposition vacuum was close to 1.0x10
-6

 Torr and deposition was carried out at 

room temperature.  Films of Al, Au, Sn, and Zn were deposited on the Cu film of Cu/Si or 

Cu/sapphire samples by LPVD in separate depositions so that films are free from other 

elements. Cu film is stable at room temperature and does not form an oxide layer 

immediately in the absence of moisture. In film with lower melting point (159
o
C) was spread 

on polished Cu surface using soldering iron.  Energy dispersive spectrometry (EDS) was 

carried out in the scanning electron microscope on the Al film deposited on Cu/ Si.  Al film 

is very susceptible to oxygen so that EDS will show the presence of oxygen if present.  

TTR signal from the surface of the film was recorded at room temperature.  The TTR 

set up consisted of Nd-YAG laser beam, wave length 532 nm, variable pulse duration and 

repetition rate of 10 Hz that was used to heat the surface of the film on Cu 
21,22

. A second 

continuous red laser beam, wave length 650 nm, was used to measure the TTR signal. Both 

the laser beams were made incident on the surface to a spot size of 60 m by passing through 

a 10X objective that is particularly designed for Nd-YAG laser energy. The power of the red 

laser was adjusted between 10 to 15 mW to improve the TTR signal. A more detailed 

description of the set up was described in our earlier work 
22

 and reference 
21

. Briefly, the 

reflected red laser light from the surface was collected into a Si detector with 1 ns rise time 

after filtering the Nd-YAG laser light. The signal was further amplified five times and 

recorded digitally using Tektronix oscilloscope. The variation of TTR signal with time was  
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obtained with the oscilloscope signal triggered by output from another Si detector. This 

second Si detector was used to detect the Nd-YAG laser beam before it was incident on the 

sample surface. The thickness of the deposited films was determined using a profilometer 

with nanometer precision. 

7.3. Analysis of TTR signal 

The experimental TTR signal variation as a function of time was used to determine 

the thermal properties of the film, interface and the substrate. In particular, the thermal 

conductivity of the top film, intermediate Cu film and the substrate, thermal conductance of 

the two interfaces and the thickness of the films on the substrate are the parameters used.  

The metal film on Cu (film/Cu) forms the first interface and the interface between Cu and Si 

(Cu/Si) or Cu and sapphire (Cu/sapphire) forms the second. The thickness of the films is 

sufficiently large so that the thermal conductivity of the metal film, Cu and that of the 

substrate of Si or sapphire was taken from the bulk value 
27,28

 . Therefore, the values of 

interface thermal conductance are the only unknown parameters evaluated by modeling 

analysis.  We used the analysis to best fit the experimental results using least square curve 

fitting. The value of the R
2
 fitting parameter is found to be close to unity (~0.998). The 

decrease in the TTR signal in the two regions separated by a transition region allowed the 

values of interface thermal conductance at the two interfaces to be determined 

unambiguously. The transition region corresponds to the change in the slope of the TTR 

signal variation after initial steep drop in the signal.  We assumed heat transfer to be one-

dimensional following other researchers 
20,21

.  The diameter of the laser beam is much larger  
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than the thermal diffusion depth so that one-dimensional heat transfer is considered valid. 

The two interfaces, in particular film/Cu and Cu/Si or Cu/sapphire, are separated by the Cu 

film that is 2 m thick so that the values of the interface thermal conductance could be 

determined unambiguously.  The separation of the two interfaces by 2 m ensures that there is 

no overlap of the effects of each interface either in terms of microstructure or interface defects. Also, 

the thermal diffusion across 2 m is resolved easily in our set up with TTR signal measured in 

every nanosecond of time. The normalized temperature profile (T/Tmax) from analysis was 

used to fit the normalized experimental TTR signal variation with time t using the parameters 

described previously. The time interval was taken to be 0.05 ns and the position interval was 

chosen to satisfy the stability condition in the solution of the differential equation.  We have 

found that TTR results up to 2 s are important to consider in the analysis. The slope of the 

signal variation remained same which indicated that the interface effects are absent beyond 2 

s.   

 

7.4. Results 

 

The EDS spectrum of Al film on Cu is presented in Figure 7.1.  The absence of 

oxygen, carbon or nitrogen peaks in the spectrum shown in Figure 7.2 indicates that the films 

are free of these impurities.  Therefore, thermal conductivity of the films is expected to be the 

same as the bulk value presented in the literature. Also, all the films were deposited at room  
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temperature so that inter-diffusion between the films and formation of intermetallic 

compounds are not expected.  

 

 

 
Figure 7.1. Energy dispersive X-ray spectrum from Al film on Cu on Si substrate. The 

absence of significant oxygen or carbon or nitrogen peaks in the spectrum indicates that the 

deposited films are free from the impurities. 

 

 

 

The variation of TTR signal with time from the Au film on Cu / Si or Cu/sapphire is 

shown in Figure 7.2(a) and (b), respectively, along with the curve fitted results from the 

analysis.  The results of TTR signal for Al, Sn, Zn and In are not shown here for the sake of 

brevity. The results for other metal films were similar but showed different variation of TTR 

signal with time.  The values of thermal conductivity and heat capacity of the metals 
27,28

 

used in the present work are shown in Table 7.1. In addition, the ionic radii 
29

 and lattice  
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mismatch, solubility in Cu at room temperature 
30,31

 and values of surface energy 
32

  are also 

provided in Table 7.1.   

 

 

 

 
Figure 7.2. TTR signal variation with time for Au film on Cu/Si (Figure 7.2a) and Au film on 

Cu/sapphire (Figure 7.2b). The continuous line is the curve fitted data and the wavy line is 

the experimental data. The noise in the red laser is responsible for the waviness. The 

thickness of the Au film is 0.6 μm and that of Cu is 2.0 μm in both samples. 

 

 

 

7.5. Discussion 

 

The interface thermal conductance between two media is analyzed using acoustic 

mismatch (AMM) or diffuse mismatch models (DMM) 
9, 23

.  Heat transfer in metals is 

mediated by electrons and DMM of the transmission of electrons from the film into Cu was 

previously formulated 
9
.  The interface thermal conductance hee is given by 

9
, 

hee= ZfZcu/4(Zf+Zcu)                              Equation 7.1 

 

 



121 

Table 7.1. Ionic radii (r), and mismatch between the film and Cu (m%), solubility in Cu (x), 

surface energy(Eγ), thermal conductivity (K) and heat capacity (C) of different elements used 

in the present work. 

 
 

 

 

where the subscripts f and cu represent metal film and Cu and Z=CeVf. The electronic specific 

heat is given by Ce=T and Vf is the Fermi velocity of electrons. The values of , Vf 
37 and 

hee are listed in Table 7.2.  In addition, the values of interface thermal conductance 

determined from curve fitting, hexp between the top film and Cu/Si or Cu/sapphire are 

presented in Table 7.2. The values of hexp for the films on Cu/Si or on Cu/sapphire listed in 

Table 7.2 are smaller than the predicted values of hee from DMM. The mathematical analysis 

of one-dimensional heat equation assumes continuity of flux at the interface. This assumption 

is not valid if voids or delamination or poor contact is present at the interface. As pointed 

earlier, it is assumed that all the electrons incident to the interface are specularly transmitted 

or reflected in the AMM and that all the electrons incident to the interface are diffusively 

transmitted or diffusively reflected in the DMM 
9
. However, scattering from defects,  
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roughness of interfaces, and presence of voids all are responsible for the discrepancy between 

hee and hexp.   

           Energy dispersive spectrometry carried out on the Al film on Cu and shown in Figure 

7.1 indicated the absence of any impurities. In addition, room temperature deposition of the 

films on Cu also eliminated the possibility of formation of intermetallic compounds so that 

only the other factors responsible for lower values of interface thermal conductance will be 

considered. 

          We consider now the various factors that contribute to the lower values of interface 

thermal conductance determined experimentally.  First, the surface roughness of the Cu film 

on Cu/Si or Cu/sapphire is expected to be different because the substrates are not prepared to 

the same surface finish. Also, Cu can diffuse into Si rapidly at room temperature whereas the 

same is not expected in sapphire. A native amorphous oxide layer forms on Si which has 

much lower thermal conductivity. The effect of the native oxide layer is expected to be more 

deleterious as it will give rise to two interfaces at Cu/SiO2 and SiO2/Si. The contribution to 

thermal resistance from these two interfaces will be larger than from a single interface at 

Cu/Si with Cu diffusion. The results will not be much affected by the lower thermal 

conductivity if the oxide layer thickness is small, below 1 to 2 nm. However, the value of the 

interface thermal resistance may increase by a factor of two which will be reflected in the 

experimental results. We have deposited films of Al and Au on Cu/sapphire to mainly 

distinguish from films on Cu/Si and determine the differences in value of hexp. Therefore,  
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results for other films on Cu/sapphire are not reported.  The values of hexp are higher for the 

films deposited on sapphire, as shown in Table 7.2.  We have also found that hexp between Cu 

and Si is 100 MWm
-2

K
-1 

and smaller than
 
the value of 150 MWm

-2
K

-1
 between Cu and 

sapphire.  

        Before we consider the effect of different parameters on hexp shown in Table 7.2, the 

results for In film on Cu/Si should be viewed with caution. In film was not deposited on 

Cu/Si by LPVD because of the lower melting point. It was pressed on to Cu/Si using a hot 

soldering iron tip. It was found that molten In does not wet the surface of Cu and therefore 

the interface contains microscopic voids or cracks.  

          It has been pointed previously 
20

 that the atomic mismatch and interface coherency 

between the film and the substrate are responsible for lower value of h. We consider the 

interfaces between metal films and Cu are incoherent because the films deposited at room 

temperature are not epitaxial and possess random orientation. The ionic radii (r) and the 

calculated lattice mismatch (m %) between the film and Cu are shown in Table 7.1. The ionic 

radii for the fcc and hcp metals are determined from the shortest distance between ions. 

However, such an approach gave larger value for Sn and In which have body centered 

tetragonal structure. Therefore, we have used the listed values of Pauling ionic radii for Sn 

and In 
29

.  The mismatch between Sn and Cu is the highest and hexp presented in Table 7.2 is 

the lowest value if we exclude the results for Au and In. The value of Fermi velocity and heat 

capacity for Au are significantly lower compared to their value in other metals and therefore 

hexp for Au film is expected to be lower.  The mismatch between Zn and Cu is the lowest at  
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3.9% and the value of hexp is the highest at 95 MWm
-2

K
-1

.  Also, Al and Au exhibit the same 

mismatch of 11.7% but hexp for Au on Cu is much lower than that for Al on Cu.  This result 

can again be attributed to lower values of Fermi velocity and heat capacity in Au compared 

to the values in Al.  Therefore, the mismatch parameter is very valuable in correlating the hee 

with hexp.  

 

 

Table 7.2. The coefficient of electronic specific heat (γ), Fermi velocity (Vf), parameter 

Z=CeVf, interface thermal conductance from DMM (hee), from experimental curve fitting 

(hexp) on Cu on Si and sapphire are shown. The experimental value of hexp was found to be 

100 MW m
-2

K
-1

 between Cu and Si and 150 MW m
-2

K
-1

 between Cu and sapphire in all the 

samples. 

 

 

 

         Solid solubility (x at %) between two metals is another parameter that provides a 

good indication of affinity between two metals.  The solid solubility of Zn in Cu is the 

highest at 30 at% at room temperature while that of Al in Cu is 14 at%. The value of hexp for  

Zn film is higher than that of Al film on Cu.  Au and Sn are soluble in Cu up to 7 at% but the 
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value of hexp is higher for Sn on Cu for the already mentioned reasons associated with Au.  In 

is not soluble in Cu and the value of hexp is lowest for In film on Cu.  Therefore, solid 

solubility is also an important parameter to correlate the value of hee with that of hexp. 

          The ability of a film to make good contact depends on the wettability which is a 

function of interface energy. The interface energy is expected to be lower when the value of 

surface energy Eof the two adjacent metals are closer.  The value of E of different metals 

presented in Table 7.1 indicates that Cu and Au which are least anisotropic have closer value 

of E but hexp is much smaller. In and Sn possess closer value of E but much lower than that 

of Cu. However, the value of hexp for Sn on Cu is higher than that for In on Cu because In 

does not wet Cu. This result and comparison of values of surface energy of other metals with 

that of Cu illustrates that surface energy does not provide a good correlation. These above 

results illustrate that a single microstructural parameter alone does not determine the value of 

hexp but influences the results when combined with other parameters. 

The Wiedemann-Franz law indicates that the electrical and thermal conductivity of 

any particular metal bear a constant ratio. The values of K for various metals presented in 

Table 7.1 indicate that Au and Cu possess higher values of electrical and thermal 

conductivity. However, the value of hexp for Au on Cu is not the highest. Although the 

thermal conductivity of Zn is not the highest, the value of hexp is the highest.    The value of 

hee calculated from DMM takes into account the electronic structure through the parameter  
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Z=CeVf where Ce is the electronic component of heat capacity and Vf is the Fermi velocity.  

The heat capacity of In is much higher than that of Zn although the values of Fermi velocity 

of both the metals are very close. As a result, the value of Z for In is higher than that of Zn. 

The value of hee follows the same trend as the value of Z for each metal, as shown in Table 

7.2.  However, the poor contact of In to Cu is responsible for lower value of hexp compared to 

that of Zn on Cu. The heat capacity of Zn is lower and hence the value of Z is also lower 

compared to that of other metals. The value of Z shown in Table 7.2 for Al, Sn and Au and 

the value of hee correlate well with the value of hexp if we exclude Zn.. The correlation 

between hee and hexp in Table 7.2 is fairly good if the microstructural factors are expected to 

modify the results predicted by DMM. Thus, hee provided by DMM is a good measure of the 

interface thermal conductance provided microstructural parameters considered previously are 

incorporated into the results.  We would like to emphasize that the correlation between hee 

and hexp should be carried out for comparison between metals, although, the absolute 

magnitude of the two values are quite different.  As pointed previously, the absolute 

magnitude of hexp is lower than that of hee because the assumptions used in deriving 

expression for hee are not experimentally satisfied. 

It has also been pointed 
8,9

 that the Wiedmann-Franz law applies to interface electrical 

and thermal conductance. However, both these parameters are dependent on microstructural 

factors such as presence of impurities, structural defects and voids that scatter the carriers.  

The films in the present work were deposited at a predeposition vacuum of 1x10
-6

 Torr so 

that presence of water molecules is not a significant factor.  Also, EDS has shown absence of  
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impurities like oxygen. However, structural defects including ledge steps, point defects, 

misfit dislocations at the interface and interface boundaries with polygonal structure are 

present when different metals are in contact.  These structural features are responsible for 

lower electrical conductance of the interface and hence lower thermal conductance. The 

results presented in Table 7.2 illustrate that hee evaluated from DMM provides a valuable 

guide to interface thermal conductance. Results from DMM can be further modified by 

incorporating the microstructural parameters. In particular, surface roughness, lattice 

mismatch and solid solubility appear to be important parameters as these are responsible for 

good atomic level contact and minimum scattering of charge carriers. Experimentally, 

surface acoustic microscopy is helpful in detecting regions of poor contact 
18

.   

There are efforts to take into account the disorder at the interface 
38

. The disordered 

region at the interface is replaced by a homogeneous virtual crystal with equivalent phonon 

characteristics. Transmission electron microscopy characterization of the interface region is 

performed to quantitatively characterize the dimensions and nature of disorder. The results of 

the present work illustrate that lower interface roughness, lower density of interface defects 

and lattice mismatch and higher solubility of the two metals are important microstructural 

parameters that improve the hexp and should be considered in addition to the electronic 

structure. 

7.6. Conclusions 

 

      We have deposited films of Al, Au, Sn and Zn on Cu film that was also deposited on  
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either Si or sapphire by LPVD.  In addition, In film was spread with soldering iron on 

polished Cu. TTR signal variation with time was measured and modeled using one-

dimensional heat equation. The following conclusions are reached. 

1. Films deposited on Cu/sapphire show a higher value of interface thermal conductance 

compared to films on Cu/Si. 

2.  The values of interface thermal conductance are higher between films of Zn or Al on Cu 

and lower for films of Au or In on Cu. 

3. DMM model provides a valuable guide to interface thermal conductance. 

4. The microstructural parameters such as interface roughness, lattice mismatch, and solid 

solubility are important parameters as these are responsible for good atomic level contact 

and reduced scattering of charge carriers.  
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CHAPTER 8 THERMAL CONDUCTIVITY OF EXFOLIATED P-TYPE BISMUTH 

ANTIMONY TELLURIDE 

 

(Zheng, H. and Jagannadham. K. and Youssef. K., Journal of Electronic Materials, “Thermal 

conductivity of exfoliated p-type Bismuth Antimony Telluride”, published online on October, 

2013) 
 

8.1 Introduction 

 

Recent research 
1-5

 efforts are made to enhance the dimensionless Figure of merit (ZT) 

of n- and p-type thermoelectric (TEC) compounds of Bi2Te3 by exfoliating to form 

nanoplatelets 
6-8

.  The Figure of merit, given by ZT=

T/K where  is the Seebeck 

coefficient,  and K are the electrical and thermal conductivity of the TEC compound, 

respectively, and T is the temperature in degree Kelvin, is improved by reducing K and 

increasing  and  9,10
.  Significant improvement in ZT has been reported recently by 

mechanical alloying 11-14 used to achieve nanocrystalline grain size so that phonon mediated 

lattice thermal conductivity is reduced by interface scattering.  Mechanical alloying is also 

responsible for point defect generation which is responsible for scattering of charge carriers 

and thus lower mobility and lower electrical conductivity. A decrease in  is also usually 

accompanied with an increase in Seebeck coefficient  14
. Other methods of refining 

microstructure by introducing sources of phonon scattering on all relevant length scales, from 

atomic to nano to meso 15-17
, have also been found to improve ZT to a high value of 2.2  in  
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PbTe at 915K.  Stability of these structures at high temperature is also important. 

Mechanical exfoliation, similar to that of graphene, has been used to achieve thin 

platelets and study the important thermoelectric properties 
6-8

 of nanoplatelets of Bi2Te3. 

However, large scale synthesis of the nanoplatelets is required for industrial exploitation of 

the improvement in the properties of the TECs. Exfoliation of Bi2Te3 in a liquid medium was 

found to yield layered films of different thickness upon overcoming weak van der Waals 

bonding 
3,4

. Exfoliated films exhibit large surface area and therefore further lowering of 

thermal conductivity from scattering at surfaces is expected. In addition, formation of 

amorphous regions and point defects is significantly reduced compared to changes in 

microstructure accompanying mechanical alloying. The point defect formation and foreign 

impurity incorporation from solvents can be reduced by proper cleaning and washing after 

exfoliation.  Therefore, the mobility of carriers and hence electrical conductivity will be 

improved. The final steps of hot pressing 
11-13

 or cold pressing followed by sintering are 

common to consolidate the platelets in the form of solids.  Therefore, it is envisaged that the 

decrease in thermal conductivity from increased interface scattering will be much more 

significant than the smaller decrease in electrical conductivity, if not negligible, from reduced 

defect concentration.  

In the work of this chapter, we have prepared nanoplatelets of Bi2Te3 and 

Bi0.5Sb1.5Te3 by exfoliation from bulk material that was in the form microcrystalline 

particulates. We have followed the changes in composition at different stages and as a 

function of processing conditions. Thermal conductivity of the consolidated samples was  
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measured in order to determine the advantages of using exfoliated platelets.  

8.2 Experiment 

Bulk material with nominal composition close to that of Bi0.5Sb1.5Te3 compound, 

supplied by Alfa Aesar, was used to make micron size particulates by mechanically scraping 

with a razor blade. The particulates with total mass of 0.2 mg were collected and dispersed in 

10 mL of 99%+ dimethyl sulfoxide (DMSO) supplied by Alfa Aesar.  Polypropylene capped 

containers with 15 mL capacity supplied by VWR were used for the suspension. The 

suspension was sonicated intermittently in water medium using FS110 model sonicator 

supplied by Fisher scientific for periods of 1 hr with gap of 1 hr to avoid heating the 

particulates. The sonication was continued until sedimentation of the platelets did not take 

place within 12 hr. The suspension was centrifuged for 30 min so that all the exfoliated 

platelets remained on the top and the non-exfoliated particulates settled to the bottom. The 

supernatant solvent with the nanoplatelets was collected from the top.  The remaining 

suspension was made up to 10 mL and sonication continued to achieve further exfoliation. 

Several batches of exfoliated platelets were collected to make up larger volume of the 

platelets. The collection of platelets in DMSO was filtered using a nanopore alumina filter 

(Anopore filter) supplied by SPI with pore size of 0.2 m. Although, some platelets passed 

through the filter initially, repetitive filtering allowed most of the platelets to be collected. 

The filter with diameter 2 cm was placed in a glass funnel that fitted closely. The residue of 

platelets on the filter was washed repeatedly with acetone and isopropyl alcohol to remove 

the DMSO from the platelets. The residue was finally collected from the filter into a beaker  

 

 



135 

in the form of suspension in isopropyl alcohol and dried on a hot plate maintained at 75
o
C for 

12 hrs. A small collection of these platelets was placed on a SiO2/Si wafer for 

characterization using scanning electron microscopy (SEM) and energy dispersive 

spectrometry (EDS).  

     Exfoliated platelets were pressed at room temperature in a hardened steel die of 

diameter 7.25 mm and thickness close to 1 mm to a pressure of 1.92 GPa. Three pressed 

pellets prepared by pressing were brittle, however, could be handled with care. The pellets 

were placed in an alumina boat and sintered at 350
o
C in argon atmosphere for different 

periods of time. One pellet sintered for the longest time of 30 hrs showed improvement in the 

strength to handle but showed considerable porosity.  The results of characterization on the 

pellet sintered for the longest period of time are reported.  Another pellet of diameter 10 mm 

and thickness 2 mm was hot pressed at 350
o
C in a WC die to a pressure of 1.25 GPa.  The 

pressure was increased to 1.25 GPa at 350
o
C and was maintained for 1 hr for consolidation to 

take place. The hot pressed pellet showed much better strength in handling and exhibited 

lower porosity. It was clear from the preparation of these samples that the platelets were very 

brittle. The different steps taken in the processing of the samples is illustrated in Figure 8.1.  

8.3 Results 

The exfoliated platelets and pressed samples were examined in the SEM for analysis 

of size distribution, compositional changes and pore distribution. X-ray diffraction was 

performed to identify the phases present in the samples. Thermal conductivity of the samples  
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was characterized by transient thermo reflectance (TTR) to determine the advantages of 

exfoliated platelets. These results are discussed below. 

 

 

 
Figure 8.1. Schematic illustration of preparation of the exfoliated platelets of Bi2Te3 and 

Bi0.5Sb1.5Te3 thermoelectric compound and the consolidation to form the pellet samples. 

 

 

 

8.3.1 Scanning electron microscopy 

SEM was performed in the environmental Hitachi S3200N scanning electron 

microscope. Energy dispersive spectrometry (EDS) was carried out on the bulk material  
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supplied by Alfa Aesar to determine the composition of the starting material and the results 

are presented in Figure 8.2. The composition was determined by the software provided with 

the instrument without including Al, O and C signals in the analysis. 

 

 

 

Figure 8.2. EDS analysis of the as supplied bulk thermo electric compound. The Al signal is 

from the SEM stage. The oxygen and the carbon peak at low X-ray energy are from the 

chamber environment. The atomic percentages of Bi, Sb and Te are shown in the Figure.  

The ratio of Bi:Sb:Te is 1:2.45:5.75. 

 

 

 

The platelets deposited on SiO2/Si substrate were examined in the backscattering 

mode in the SEM for evaluation of the size distribution. Randomly oriented lines were used 

to measure the intercepts with the platelets and to determine the size distribution. SEM image 

of the morphology of the platelets is shown in Figure 8.3(a) and the results of the size 

distribution in Figure 8.3(b). 
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Figure 8.3 (a). SEM image of the morphology of the exfoliated platelets and (b). size 

distribution of the platelets. The maximum in the distribution appeared at 80 nm and the 

smallest size of platelets is at 40 nm.  

 

 

 

 

Figure 8.4 (a).  SEM image of the morphology of the platelets placed on SiO2/Si.  The 

position of the probe in the EDS analysis is shown on a particle. 

 

 

The platelets exhibited stronger contrast in certain regions indicating thicker size and 

possible coalescence. Weak contrast was present in other regions indicating thinner platelets. 

The size distribution showed a maximum fraction close to 0.08 m. The fraction of platelets  
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beyond the size of 1 m was very small. The smallest size of platelets with measurable 

fraction was 0.04 m. Analysis of EDS of several exfoliated particulates was carried out by 

selecting the probe on the platelets. The SEM image of the platelets and the EDS spectrum of 

a platelet are presented in Figure 8.4(a) and (b), respectively. The compositional analysis in 

atomic percentages carried out without including Si, O and C signal is shown in Figure 8.4(b). 

The results indicate that the ratio of Bi:Sb:Te is 1:2.04:5.5 which is different composition 

from the bulk material supplied. 

 

 

 *- 
Figure 8.4 (b). EDS of the platelet on SiO2/Si substrate with the probe placed as shown in 

Figure 8.4(a). The composition is given in atomic percentages. The ratio of Bi:Sb:Te is 

1:2.04:5.5. 

 

 

 

An SEM image of the pressed and sintered sample and the results of EDS are shown 

in Figure 8.5(a) and 8.5(b), respectively. The presence of voids and cracks observed in the  
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SEM image indicates the loss of elements during sintering by evaporation. The results of 

composition analysis, shown in Figure 8.5(b), illustrate that the sample is richer in Bi 

compared to the bulk sample. Thus, the atomic percentages of both Sb and Te are reduced 

during sintering. If the ratio of Sb:Te is maintained close to 3:6, then Bi concentration should 

be close to 8.77 at%. However, the observed value of 19.19 at% for Bi is larger by more than 

a factor of two.  The SEM image of hot pressed sample is shown in Figure 8.6(a) with the 

results of EDS analysis shown in Figure 8.6(b).  

 

 

 
Figure 8.5(a). Secondary electron image of the sintered sample showing the presence of 

cracks and voids. 

 

 

 

The SEM image in Figure 8.6(a) illustrates that pores are not completely eliminated 

even after hot pressing at 350
o
C for 1 hr although the volume fraction has decreased 

considerably. Regions in the sample free from voids are surrounded by microscopic voids.  
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The voids are also interconnected in other regions. The results of EDS and analysis presented 

in Figure 8.6(b) illustrate a better compositional control, however, the sample is Bi rich and 

deficient in both Sb and Te compared to the bulk sample.  

 

 

 
Figure 8.5 (b). EDS analysis of the sintered sample. The composition of the sample shown in 

atomic percentages is found to be deficient in both Sb and Te compared to the bulk. The ratio 

of Bi:Sb:Te is 1:1.37:2.84. 

 

 

 

8.3.2 X-ray diffraction 

Debye-Scherrer X-ray diffraction from the bulk, sintered and hot pressed samples was 

performed in the Bragg-Brentano XRD–Rigaku instrument using Cu K radiation with wave 

length of 0.15406 nm. The peak profiles obtained from the three samples are shown in Figure 

8.7. 
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Figure 8.6 (a). Secondary electron image of the hot pressed sample showing the continuous 

regions separated by regions with presence of pores. 

 

 

 

 
Figure 8.6 (b). EDS of the hot pressed sample with the composition given in atomic 

percentages.  The results indicate that the composition is richer in Bi compared to the bulk 

sample. The ratio of Bi:Sb:Te is 1:2.46:6.42. 
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Figure 8.7. X-ray diffraction peak profile of the bulk, sintered and hot pressed samples 

collected using Cu K radiation. The patterns are shifted vertically to show the different 

phases observed in each sample. The different peaks are identified to arise from different 

constituent phases. Bi2Te3 is shown by triangle, Bi0.5Sb1.5Te3 by rectangle, pure Te by circle 

and pure Sb by diamond symbol. The absence of pure Te and Sb peaks in the profile of the 

sintered sample is noted. 

 

 

The diffraction pattern from bulk sample showed peaks from Bi2Te3 and Bi0.5Sb1.5Te3 

phases. In addition, minor peaks from pure Te and Sb are also observed. The absence of the 

peaks from pure Te and Sb in the pattern associated with sintered sample indicates loss of 

these elements during sintering. In addition, intensity of the peaks is reversed. In other words, 

while the Bi2Te3 peak is stronger than that of Bi0.5Sb1.5Te3 in the bulk sample close to 28
o
, 

the opposite is observed in the sintered sample. This result may arise from preferred 

orientation of the phases upon pressing and sintering. The pattern from the hot pressed 

sample is similar to that of the bulk sample. The peak associated with Bi0.5Sb1.5Te3 at 45.7
o
 is 

stronger while those at 29.3
o
 and 39.4

o
 are weaker than those associated with Bi2Te3.  This 

result indicates conversion of Bi0.5Sb1.5Te3 phase to Bi2Te3 by loss of Te and Sb or 

reorientation of the phases during hot pressing.  
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8.3.3 Transient thermo reflectance (TTR) 

The TTR set up used is similar to that described in reference 
18

. The sample surface 

was heated by Spectra Physics Nd-YAG laser source in the second harmonic (532 nm), pulse 

duration >6 ns, and repetition at 10 Hz. The pulse duration decreased from a larger value and 

reached 6 ns when the oscillator was at full power. Therefore, the pulse width was monitored 

during the laser incidence. The probe laser is continuous, wave length 650 nm, and variable 

power up to 15 mW. The two laser beams were focused on the sample surface to a spot size ~ 

30 m using a 10X objective (ThorLabs LMH-10x-532) designed for Nd-YAG laser. The 

reflected red laser beam was detected by a silicon photo diode (DET 10 A from ThorLabs) 

with 1 ns rise time after filtering the Nd-YAG laser beam. The output from the detector was 

amplified using Stanford Research Systems 4 channel amplifier (Model SR 445 A, 350 MHz) 

and recorded using Tektronix DPO4104 B oscilloscope. The signal in the oscilloscope was 

triggered by output from another silicon diode (DET 10 A) used to detect the Nd-YAG laser 

pulse prior to incidence on the sample surface.  

An In foil pressed on to the surface of the sample was used as a transducer to measure 

the TTR signal. The thermal conductivity of the In foil was taken from the bulk value (80 

Wm
-1

K
-1

) so that the thermal conductivity of the sample, K, and the value of interface 

thermal conductance between In and the sample, h, are the unknown parameters evaluated 

from the analysis. The experimental TTR signal variation as a function of time was used to 

determine the value of K and h by modeling.  The thickness of the In foil was measured. The  
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thickness of the film and the substrate was used in curve fitting.   

 
 

 

Figure 8.8. Normalized TTR signal shown as a function of time from the bulk, sintered and 

hot pressed samples with In film pressed on the surface. The wavy lines are the experimental 

observations and the continuous lines are the simulated results. The noise in the red laser is 

responsible for the wavy signal.  

 

 

The experimental variations of the TTR signal with time in the bulk, sintered and hot 

pressed samples along with the modeled results are presented in Figure 8.8. The three 

samples exhibited TTR signal that decreased very slowly and remained higher even after of 

1.5 s which indicates that the thermal conductivity of the samples is low. The initial fast 

decrease is associated with heat transfer in In film with higher thermal conductivity of 80 

Wm
-1

K
-1

.  The results of different parameters used in the modeling and curve fitting are 

presented in Table 8.1. The heat capacity of In 
21

 and that of the thermoelectric compound 
22
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was taken from the reported values. The thickness of the sample was chosen at 5 m as 

higher value did not change the results of simulation. The lower thermal conductivity of the 

samples was responsible for this result.  

The value of interface thermal conductance, hIn-s, shown in Table 8.1 remained 

between 80 and 100 MWm
-2

K
-1

. The surfaces of the bulk, hot pressed and sintered samples 

contained pores, as shown in the SEM images in figures 8.5 and 8.6. The samples could not 

be polished due to the brittle nature of the platelets and the compacted pellets. Therefore the 

contact between In transducer film and the sample was not perfect.  The thermal conductivity 

of the bulk (1.5 Wm
-1

K
-1

) is smaller than that of the sintered sample (2.0 Wm
-1

K
-1

). The 

higher value of K for the sintered sample is thought to arise from change in composition by 

loss of Te and Sb from the sample. The thermal conductivity of the hot pressed sample is 

lowest and reached a value of 0.7 Wm
-1

K
-1

.  

 

 

8.4 Discussion 

 

The preparation of exfoliated platelets of Bi2Te3 and Bi0.5Sb1.5Te3 using DMSO 

solvent was carried out successfully to yield platelets in the size range of 40 nm to 1000 nm 

with a maximum in the size distribution at 80 nm. Number fraction of platelets with size 

above 1 m is negligibly small, as shown in Figure 8.1. Some platelets smaller in size could 

not be separated initially from the solvent due to the bigger pore size of 0.2 m of the  
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alumina filter. However, repeated filtering helped to collect most platelets. The varying 

contrast from the platelets in the back scattering SEM image arises from different thickness 

of the platelets or due to coalescence of thinner platelets when placed on the SiO2/Si 

substrate for imaging. We have not made any determination of the variation in thickness of 

the platelets.   

 

 

Table 8.1. Different parameters used in the simulation of experimental TTR results.  The 

parameter t is the thickness, K the thermal conductivity, C the heat capacity and h interface 

thermal conductance between In and sample. The subscript In is for indium, s for sample and   

In-s for interface between In and sample. The thickness of the samples was chosen at ts=5 m 

because the simulated results are not altered above this value due to the low thermal 

conductivity.  

 

Sample                tIn             KIn          CIn               ts          Ks             Cs                 hIn-s 

                               m       Wm
-1

K
-1   MJm

-3
K

-1        
m      Wm

-1
K

-1
  MJm

-3
K

-1       
MWm

-2
K

-1
 

Bulk                   0.12        80.0         1.68            5.0        1.5             1.2                  80.0 

Sintered              0.10        80.0         1.68            5.0         2.0            1.2                 100.0 

Hot pressed        0.50       80.0         1.68             5.0        0.7             1.2                 100.0 

 

 

The EDS analysis of the bulk sample showed Bi:Sb:Te  ratio of 1:2.7:5.8 which is 

different from that of Bi0.5Sb1.5Te3.  The X-ray diffraction analysis, shown in Figure 8.7, 

confirmed the presence of Bi2Te3 and Bi0.5Sb1.5Te3 phases in addition to elemental Te and Sb.  
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Results of EDS analysis of exfoliated platelets varied for each platelet. Analysis of 

composition of a platelet, shown in Figure 8.3, showed that Bi:Sb:Te ratio is 1:2:5.5 which is 

richer in Bi compared to that of the bulk. Figure 8.9 is a schematic illustration of layered 

structure of Bi2Te3 with unit cells held by van der Waals bonding 
6-8

. It is proposed that 

exfoliation is responsible for separation of the quintuplets from the weak van der Waals 

bonding. The EDS analysis of the platelets indicates that Te deficiency is a result of the 

separation of the quintuplets. High resolution transmission electron microscopy of atomic 

arrangement in each quintuplet may provide more detailed description for the Te deficiency. 

 

 

 

Figure 8.9.  Schematic illustration of two unit cells of Bi2Te3 layered structure held together 

by van der Waals forces. Exfoliation leads to separation of quintuplets (five layer units) by 

separation across the Te(1)-Te(1) van der Waals bonds.  The bigger lines are the hexagonal 

arrangement and the smaller lines are the triangular arrangement of atoms in the unit cells. 

Note the smaller lines are shifted with respect to each other because the triangular 

arrangements are rotated by 60
o
. 

 

 

The pressed and sintered sample showed the Bi:Sb:Te ratio of 1:1.37:2.84, which 

indicates loss of Sb and Te compared to the composition of the exfoliated particles and the 

bulk. The absence of pure Te and Sb peaks in the X-ray diffraction pattern of sintered sample, 

shown in Figure 8.7, also indicates that these two elements evaporated during sintering in  
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argon atmosphere. The composition of the hot pressed sample obtained from EDS analysis, 

shown in Figure 8.6b, is much closer to that of the bulk sample. In particular, the ratios of 

Bi:Sb:Te for bulk and hot pressed samples are 1:2.74:5.75 and 1:2.46:6.42, respectively.  

These results show that some loss of Sb and Te has taken place. The X-ray diffraction pattern 

of the hot pressed sample presented in Figure 8.7 showed all the peaks present in the bulk 

sample. 

The results of TTR analysis showed that the interface thermal conductance between 

In transducer film and the samples, hIn-s, was between 80 and 100 MWm
-2

K
-1

. The presence 

of pores and rough surface on the sample was responsible for poor thermal contact resulting 

in lower thermal conductance at the interface. The thermal conductivity of the hot pressed 

sample (K=0.7 Wm
-1

K
-1

) was reduced by a factor of two compared to that of the bulk (K=1.5 

Wm
-1

K
-1

) and sintered sample (K=2 Wm
-1

K
-1

). Therefore, the advantage of exfoliation and 

introducing high density of interfaces in the sample is realized. The reduction in thermal 

conductivity could partially arise from the presence of pores in the sample. However, the 

thermal conductivity of the sintered sample is higher than that of the bulk sample. The 

change in composition and loss of pure Te and Sb appear to be responsible for the 

unexpected higher value compared to that of the bulk sample although presence of pores and 

interfaces is responsible for the scattering of carriers. The results of the present work 

emphasize that pressing at room temperature followed by sintering is not suitable because Te 

and Sb become deficient due to evaporation.  It is also clear that hot pressing needs to be 

carried out at higher temperature than 350
o
C to eliminate voids and pores.  
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8.5 Conclusions 

 

Exfoliation of bulk thermoelectric compound containing Bi2Te3 and Bi0.5Sb1.5Te3 

phases has been successfully performed using DMSO as the solvent. The platelet size 

distribution showed a maximum near 80 nm with smallest size of 40 nm. The number 

fraction of particles of size greater than 1 m was negligible. The composition of the 

exfoliated particles was significantly different from the bulk. The pressed and sintered 

sample showed significant loss of Sb and Te.  The hot pressed sample is found to be close in 

composition to that of the bulk although Sb and Te are slightly deficient. X-ray diffraction 

analysis showed that Sb and Te are lost during sintering. The X-ray diffraction pattern of 

bulk and hot pressed samples was similar containing all the peaks from Bi2Te3, Bi0.5Sb1.5Te3, 

pure Te and Sb. The thermal conductivity of the hot pressed sample was reduced by a factor 

two. However, hot pressed sample is found to contain pores that also contribute to reduction 

in thermal conductivity. Hot pressing at higher temperature and higher pressure appear to be 

important to eliminate the porosity. It is clear that pressing followed by sintering is not 

favorable to achieve higher density and maintain original composition as both Sb and Te are 

lost in the form of vapor. 
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CHAPTER 9 COMPARISON OF INTERFACE THERMAL CONDUCTANCE IN 

SI0.5GE0.5/SI AND GAAS/SI THIN FILM DEVICE STRUCTURES 

 

(Zheng, H. and Jagannadham. K., “Comparison of interface thermal conductance in 

Si0.5Ge0.5/Si and GaAs/Si thin film device structure”, submitted to IEEE Transaction on 

Electron Devices on September, 2013) 
 

9.1 Introduction 

 

The thermal conductivity of SiGe alloys 
1-3

 and SiGe/Si superlattices 
3,4

 has been 

investigated extensively for different applications. SiGe/Si hetero structures are favored for 

high mobility transistors compared to GaAs compound semiconductor films 
5,6

. However, the 

lower thermal conductivity of SiGe alloys 
1,3,7 

close to 10 Wm
-1

K
-1

 could be responsible for 

self-heating of the devices 
6,8

. In comparison, the thermal conductivity of GaAs 
9
 is 55 Wm

-

1
K

-1
 which is greater than five times that of SiGe alloy. However, some features of SiGe 

alloy such as lower cost and ability to perform strain engineering 
10

 and modify the electronic 

properties are specific advantages. The study of thermal conductivity of SiGe/Si superlattice 

systems is carried out for a different application, in particular, to improve the figure of merit 

of thermoelectric (TEC) power devices which depends on lowering the thermal conductivity 

3,4
. Devices fabricated on GaAs are grown on other substrates although attempts to integrate 

with Si by various techniques including wafer bonding are pursued 
11

.  The lattice mismatch 

between SixGe1-x and Si and GaAs and Si is 2% and 4%, respectively for x=0.5. It is possible  
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to reduce the dislocation density at the interface between SiGe and Si by limiting the 

thickness of the epilayer below the critical value 
10

.  The interface between GaAs and Si is 

found to be highly dislocated, with both misfit dislocations and threading dislocations. In 

addition to the thermal conductivity of the devices layers, the interface thermal conductance 

is also important in limiting the heat transfer.  In this chapter, we have determined the 

interface thermal conductance of Si0.5Ge0.5/Si and GaAs/Si interfaces to evaluate the 

importance in the self-heating of the device layers.  

9.2 Experiment 

SixGe1-x (x=0.5) (represented as SiGe) film of thickness 20 nm was grown by 

molecular beam epitaxy (MBE) on polished Si substrate. Similarly, GaAs film of thickness 

100 nm was grown on Si wafer. The thickness of SiGe film was determined from Kiessig 

fringes using X-ray reflectivity. Kiessig fringes arise from the interference 
12

 of the partially 

reflected X-ray beams at interfaces. We have performed X-ray reflectivity measurements at 

small Bragg angles using Cu K (=0.15405 nm). The thickness of GaAs film on Si was 

measured by ellipsometry.  

Interface thermal conductance was determined using transient thermo reflectance 

(TTR) measurements. Film of In pressed on to the surface of the SiGe/Si and the GaAs/Si 

sample was used as a transducer to measure the TTR signal.  The TTR experimental set up 

used in the present work is similar to that used in reference 
13

. The method is described in 

detail in our previous work 
14,15

.
  
Briefly, Nd-YAG laser beam with pulse duration , =532  
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nm, and repetition rate of 10 Hz was used as the pump beam to heat the sample surface. A 

continuous red laser, =650 nm, is used as the probe beam to determine the TTR signal 

variation with time. The two beams are focused on to the sample surface to a spot size of 40 

m using a microscope objective. The reflected red laser beam is detected by a Si photodiode 

with 1 ns rise time after filtering the Nd-YAG laser beam. The signal from the photodiode is 

amplified and recorded using a digital oscilloscope. The normalized TTR signal is curve 

fitted with analysis using one-dimensional heat equation 
13-15

. The boundary conditions 

include the continuity of flux at the interfaces and the flux of incident laser energy at the 

surface. The flux boundary conditions are written in terms of the temperature on either side 

of the interface and the interface thermal conductance for which the details are provided in 

our previous work 
14,15

. The parameters in the analysis of the TTR data include the pulse 

duration of the pump beam, thickness of the In, SiGe or GaAs film and the Si substrate. In 

addition, the bulk thermal conductivity of In, SiGe, GaAs and Si and the heat capacity of 

these layers are used 
7,9

. The analysis provided the results of interface thermal conductance of 

the two interfaces, in particular In/SiGe and SiGe/Si or In/GaAs and GaAs/Si in the two 

systems, respectively.  

9.3 Results 

The results from measurement of X-ray reflectivity with the observation of Kiessig 

fringes and the simulated results using the software Motofit 
12

 are shown in Figure 9.1. The 

simulation was carried out with surface roughness of 0.74 nm and scattering length density  
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(SLD) of 28.87x10
10

 m
-2

 for SiGe and surface roughness of 0.45 nm and SLD of 20.1x10
10

 

m
-2

 for Si. The thickness of SiGe was found to be 20 nm by simulation and the thickness of 

GaAs film was found to be 0.1 m by ellipsometry.  

The TTR signal variation with time from In film on SiGe/Si sample is shown in 

Figures 9.2 and 9.3 along with the curve fitted results from the analysis of one-dimensional 

heat equation 
14,15

. The waviness of the experimental result arises from the noise in the red 

laser that is amplified. The recorded TTR signal was an average of sixteen signals processed 

by the digital oscilloscope. This procedure helped to reduce the noise significantly. Similarly, 

the TTR signal variation with time from In film on GaAs/Si sample is shown in Figures 9.4 

along with the curve fitted results. The different parameters used in the curve fitting of the 

experimental results in Figures 9.2 and 9.4 are listed in Table 9.1. In order to compare the 

TTR signal variation, the curve fitted results from Figures 9.2 and 9.4 are shown together in 

Figure 9.5 so that the noise in the signals is absent. The results show a significant difference 

between GeSi/Si and GaAs/Si samples. The TTR signal from GaAs/Si sample has not 

reached smaller values even after 3 s whereas that from GeSi/Si sample became small after 

1 s. 

9.4 Discussion 

The measurement of X-ray reflectivity for small angles and the observation of Kiessig 

fringes helped the determination of smaller thickness of SiGe to be 20 nm. In addition, the 

surface roughness of SiGe is found to be 0.74 nm and that of Si to be 0.45. The roughness of  

 

 



157 

SiGe films increased above that of the polished Si substrate. These results are useful in 

interpreting the value of interface thermal conductance, h. The bonding between pressed In 

and SiGe is only due to mechanical forces. In addition, gaseous molecular species including 

molecules of water vapor could be present at the pressed interface 
16,17

. The surface 

roughness provides regions where the contact is not perfect and for the molecular species to 

be present. Based on these factors, the value of hIn-f for the pressed In and SiGe interface 

which is found to be 60 MWm
-2

K
-1

 is reasonably high. For example, the interface thermal 

conductance between In and GaN film 
18

 was found to be between 20 and 30 MWm
-2

K
-1

.  

 
 

 

Figure 9.1. Specular reflectivity which is the ratio of reflected intensity to incident intensity 

shown as a function of momentum transfer Q=() sin ()   with 2 the Bragg angle and  

the wave length=0.154 nm. The experimental and simulated results are shown. 

 

 

More importantly, the value of hf-Si between SiGe and Si is found to be 100 MWm
-2

K
-1 

from  
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modeling of results shown in figures 9.2 and 9.3.  The results of modeling for different values  

of hf-Si are presented in Figure 9.3. IT can be seen that the value of hf-Si is close to 100 MWm
-

2
K

-1 
.We have also found that results are not noticeably changed when the thermal 

conductivity of the SiGe film is changed by a factor of two presumably because of the 

smaller thickness. We estimate that the value of hf-Si has an error range of ± 10% as a result 

of the noise from the red laser.  

 
 

 

Figure 9.2. Normalized TTR signal variation with time from In-SiGe/Si sample. The wavy 

line is the experimental result and the smooth line is the simulated result. 

 

 

The value of hf-Si is also influenced by the interface roughness which we assume is 

the same as the roughness of Si substrate that is found to be 0.45 nm from X-ray reflectivity.  

The equilibrium critical thickness of SiGe on Si is found to be 50 nm and the metastable  
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critical thickness to be near 800 nm 
19

 which is much larger than the thickness of the SiGe 

film in the present work. Thus, while the mismatch strain could be present, the misfit 

dislocations are not expected. However, threading dislocations emerging from the Si 

substrate may be present. 

 

 

 

Figure 9.3. Same as Figure 9.2 but the results are shown for different values of  hf-Si. 

 

 

The value of h In-f between In and GaAs film, determined from modeling of TTR 

signal presented in Figure 9.4, is found to be 90 MWm
-2

K
-1

 which is larger than the value  
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between In and SiGe film. It is also known that In film forms a good chemical bond with 

GaAs resulting in formation of InGaAs atomic layer at the points of contact and hence gives 

rise to a higher value of hIn-f. The value of hf-Si between GaAs and Si is found to be only 20 

MWm
-2

K
-1

 which is much smaller than the value between SiGe and Si.  The results of 

modeling for different values of hf-Si are shown in Figure 9.5. We estimate that the value of 

hf-Si is close to 20 MWm
-2

K
-1

 with an error of ±10% due to the noise in the signal.  We have 

assumed the bulk value of thermal conductivity for GaAs (55 MWm
-1

K
-1

) to be applicable. 

 

 

 

Figure 9.4.  Normalized TTR signal variation with time from In-GaAs/Si sample for different 

values of hf-Si. The wavy line is the experimental result and the smooth line is the simulated 

result.  
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Figure 9.5.  Results of analysis from Figure 9.2 for GeSi/Si and from Figure 9.4 for GaAs/Si 

are shown for comparison.  

 

 
Table 9.1. Parameters used in the curve fitting of the TTR results presented in Figures 9.2 

and 9.4. Here, t is the thickness, K the thermal conductivity and h the interface thermal 

conductance. The heat capacity of In is 1.68, SiGe is 1.65, GaAs is 1.63 and that of Si is 1.6 

in MJm
-3

K
-1

.
 
The subscript In is used for In, f for the film of SiGe or GaAs, Si for Si, In-f for 

the interface between In and the film and f-Si for the interface between film and Si. 

Thickness is given in m, K in Wm
-1

K
-1

 and h in MWm
-2

K
-1

. 
7,9

 

________________________________________________ 

Sample          tIn      KIn      tf        Kf    tSi     KSi      hIn-f         hf-Si 

_______________________________________________________________________ 

In-SiGe/Si     1.1     80     0.02    9.5   10    150      60      100 

In-GaAs/Si    2.0     80     0.1      35    10    150      90        20 

________________________________________________ 
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The thickness dependent thermal conductivity for GaAs is not known. It has been 

found 
20

 that the thermal conductivity of Si with a thickness of 100 nm is close to 80 Wm
-1

K
-

1
 compared to the bulk value of 150 Wm

-1
K

-1
. Therefore, we modeled the results, shown in 

Figure 9.4, using a value of 35 Wm
-1

K
-1

 for the thermal conductivity of GaAs. The combined 

curve fitted results of TTR signal shown in Figure 9.5 for GeSi/Si and GaAs/Si samples 

clearly show that dissipation of thermal energy is considerably slow in GaAs/Si system. 

The larger mismatch (4%) between GaAs and Si is known to give rise to higher misfit 

dislocation density at the interface. It has been shown that higher dislocation density is 

responsible for lower value of h 
21

. For example, the value of h between GaSb and GaAs with 

dislocation density in the range of 10
6
 and 10

8
 cm

-2
 was estimated to be close to 20 MWm

-

2
K

-1
 but the value decreases to 10 MWm

-2
K

-1
 when the dislocation density is in the range of 

10
9
 and 10

11
 cm

-2
 
21

. The mismatch between GaSb and GaAs is 8.78% and it is much larger 

than 4% between GaAs and Si. Based on the difference in the lattice mismatch, the value of h 

equal to 80 MWm
-2

K
-1

 between GaAs and Si is to be expected, in particular, because of the 

higher value of K of Si compared to that of GaSb (K=32 Wm
-1

K
-1

).  

We have calculated the value of hf-Si between SiGe and Si or GaAs and Si based on 

the acoustic mismatch (AMM) 
22 

and the diffuse mismatch model 
23

. Using the values of 

acoustic velocity and density listed in Table 9.2, the values of h are much higher than the 

results obtained experimentally and shown in Table 9.1. It is reasonable to associate the 

difference to interface roughness, dislocation density, and scattering from point defects 

associated with mass difference 
1
 in SiGe or antisite defects 

24
 in GaAs. The values of h from 
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AMM are higher than obtained from DMM. 

 

 

Table 9.2. Acoustic velocity in the longitudinal direction (vl), transverse direction (vt) and the 

Debye velocity (vd) in m/s for SiGe 
7
, GaAs 

9  
and Si 

7
 are shown. The density  is given in 

kgm
-3

. The value of interface thermal conductance (GWm
-2

K
-1

) calculated using AMM and 

DMM are provided. 

 

 

 

 

It is helpful to compare the thermal resistance of the films of SiGe and GaAs on Si 

considered in the present work. The evaluation of thermal conductivity of superlattices of 

Si0.7Ge0.3/Si 
4
 indicated that the thermal resistance increased with the number of superlattices. 

The effective thermal resistance (1/he) of the film and the interface may be written 
25 

in the 

form 1/he=tf/Kf+1/h. Further, we assume the value of Kf is the same as that the bulk property 

but reduced by thickness and listed in Table 9.1. For the SiGe film of thickness tf =20 nm, the 

first term takes a value of 2x10
-9

 m
2
KW

-1
 and the second term is 10.0x10

-9
 m

2
KW

-1
 so that 

the contribution from the lower thermal conductivity of the film is smaller to the value of 

1/he. The contribution from the film is expected to be smaller if the thickness of SiGe device 

layer is further reduced. Reduced self-heating and higher transconductance was observed in  
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devices formed on thin strained Si on thin SiGe virtual substrates present on thicker Si 

substrates 
26

. The thermal resistance of GaAs film of comparable thickness (tf=20 nm and 

Kf= 15 Wm
-1

K
-1

) on Si indicates that the first term takes a much smaller value of 1.3x10
-9

 

m
2
KW

-1
 compared to the second term which is 50.0x10

-9
 m

2
KW

-1
. GaAs film of smaller 

thickness may not be favorable due to the higher dislocation density at the interface. From 

these results, it is clear that the epitaxial SiGe device layer is less susceptible to self-heating 

compared to GaAs layer as a result of lower value of hf-Si associated with the interface in 

GaAs/Si system. GaAs films may become favorable if the dislocation density is reduced 

considerably and the value of hf-Si is increased.  

9.5 Conclusions  

 

TTR has been used to measure the interface thermal conductance between IN and 

SiGe or GaAs films and between SiGe or GaAs films and Si substrate. The lower value of h 

(60 MWm
-2

K
-1

) between In and SiGe is considered to arise from the absence of atomic level 

bonding and roughness of the interface. A higher value of h (90 MWm
-2

K
-1

) is considered to 

arise from better atomic level bonding between In and GaAs. The value of h between SiGe 

and Si is significantly higher than that between GaAs and Si. The higher dislocation density 

at the interface between GaAs and Si due to lattice mismatch is responsible for the lower 

value of h (20 MWm
-2

K
-1

). The thermal resistance between GaAs and Si is found to be  

significantly higher than that between SiGe and Si. We believe this will be responsible for 

higher self-heating effects in GaAs/Si system.  
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CHAPTER 10 SUMMARY 

  

The purpose of this work was to lay a foundation and understanding to how the 

Transient thermo-reflectance technique can help determine important thermal conductive 

properties of materials, meanwhile provided a general background and theoretical description 

of the thermal transfer process, in order to create effective cooling of electronic devices. 

This work has addressed some of the issues related to the thermal characterization 

and predication of various materials including: 

 Transient thermo-reflectance from graphene composites with matrix of indium and 

copper 

 Composites of Titanium with graphene platelets 

 Influence of laser irradiation and microwave plasma treatment on the thermal 

properties of graphene platelets 

 Influence of dopants on the thermal conductance of GaN–sapphire interface 

 Interface thermal conductance between metal films and copper 

 Thermal conductivity of exfoliated p-type bismuth antimony telluride 

 Comparison of interface thermal conductance in Si0.5Ge0.5 /Si and GaAs/Si thin film 

device structures 

The following conclusions are obtained: 

 The In-graphene and Cu-graphene composites are found to spread the heat more  
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rapidly than In and Cu, respectively. The interface thermal conductance of In or In-

graphene film pressed on to Cu was found to be smaller than the observed values for 

metal-metal contacts reported in the literature although higher than the value 

observed for the interface between Pb-Sn eutectic solder alloy bonded to Cu. The 

interface thermal conductance between Al film deposited on mechanically polished 

Cu or Cu-graphene composite is also found to be much lower than the value observed 

previously. The smaller value of interface thermal conductance of either In or In-gr or 

Al film on different substrates is explained by absence of atomic level bonding, 

presence of rough surfaces with incomplete contact and oxygen or water vapor at the 

interface. 

 The thermal conductivity of the Ti-graphene composite is isotropic and improved to 

40 Wm
-1

K
-1

 from 21 Wm
-1

K
-1

 of Ti. The interface thermal conductance between 

titanium and silicon is found to be 200 MWm
-2

K
-1

 and that between titanium and 

graphene platelets in the C-direction to be 22 Wm
-2

K
-1

. Modeling using acoustic and 

diffuse mismatch models was carried out to infer the magnitude of interface thermal 

conductance. The results indicate that the higher value of interface thermal 

conductance between graphene platelets in the a-b plane and titanium matrix is 

responsible for the isotropic and improved thermal conductivity of the composite. 

 Through laser irradiation and plasma treatment, the thermal conductivity of graphene 

platelet film is reduced although the interface thermal conductance is improved. The 

reduction in thermal conductivity of graphene platelets is explained by the decrease in  
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the crystallite size and increase in defect density. The increase in the interface thermal 

conductance is also explained to arise from smoothening of the graphene platelet film 

surface and improvement in the contact between Au and graphene and graphene and 

Cu induced by laser or microwave plasma irradiation 

 The value of h of the In–GaN interface remains between 18 and 28 MWm
−2

K
−1

. The 

value of h for the interface between undoped or n-type GaN and sapphire is low at 8 

MWm
−2

K
−1

, and that between p-type GaN and sapphire is lower at 3 MWm
−2

K
−1

. 

The absence of good atomic level contact between pressed In and GaN is considered 

responsible for the low value of h. High concentration of Mg dopant atoms in the p-

type GaN films at the interface, sapphire wafer with rough surface, and high 

dislocation density are also considered responsible for the lower value of h. The 

results indicate poor thermal energy dissipation, higher device temperature, reduced 

transconductance, and related device performance. 

 The microstructural parameters such as surface roughness, lattice mismatch, solid 

solubility, and surface energy of the metal film on Cu are found to play important role 

at thermal conduction between metal films (Al, Au, Sn, Zn and In) and Cu. The 

experimental results of interface thermal conductance are found to be much smaller 

than the predicted values from diffuse mismatch model. The values of interface 

thermal conductance were found to deviate from the predicted values from diffuse 

mismatch model after including the effect of the microstructural parameters. In 

particular, surface roughness, solid solubility and surface energy are important  
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parameters as these are responsible for good atomic level contact between the metal 

film and Cu. 

 The thermal conductivity of hot pressed BiSbTe was reduced by a factor two 

compared to that of the bulk as a result of the presence of high density of interfaces 

and residual porosity. The thermal conductivity of the sintered sample showed an 

increase above that of the bulk sample which is explained by the change in 

composition due to loss of Sb and Te. 

 The interface thermal conductance of SiGe/Si interface is 150 MWm
-2

K
-1

 and that of 

GaAs/Si is 80 MWm
-2

K
-1

.  These values of interface thermal conductance combined 

with the thermal conductivity of the films were used to conclude that SiGe films are 

less susceptible to self-heating than GaAs films of same thickness.   

This work has provided strong evidence to support the transient thermo reflectance 

technique can be used as powerful tool to determine thermal conductive properties of 

materials, especially, for measuring thermal transport properties of thin films, which is 

considerably differ from those of bulk materials due to microstructure and boundary effect. 

TTR are also more favorable compared to other thermal characterization techniques, since it 

can distinguish between the intrinsic thermal conductivity and the interface thermal 

conductance to help optimize thermal management and the thermal design of devices. 


