ABSTRACT
GOVINDARAJU, NIRMAL. Thermal Conductivity Analysis of Diamond Films. (Under the
direction of Prof. Zlatko Sitar (Chair) and Prof. John Prater (Co-chair).)
Thermal conductivity is a fundamental material property which governs heat transport in
solids. A basic material property like thermal conductivity is influenced by the structure of
the material, and hence the method of synthesis and the defects present in the material. With
the advent of high speed microelectronics with extremely large device densities, there is an
ever increasing need to find solutions for effective heat dissipation, especially in the context
of Silicon On Insulator (SOI) technology. One solution to this problem would be to use
diamond as the buried dielectric. Therefore, for the effective use of diamond films, it is
essential that the thermal properties, especially the thermal conductivity, of the material be
characterized.
A brief background of the structure, properties and synthesis of diamond is presented. This is
followed by a review of some of the experimental methods used for measuring the thermal
conductivity of diamond. In order to measure the thermal conductivity of CVD diamond, two
different measurement approaches are used. The first is the 3ω technique, which uses thermal
waves generated by a heater/thermometer to probe the underlying material and extract the
thermal conductivity from the measured temperature rise. Measurements on bulk substrates
of different materials, including diamond, yield results consistent with values found in
literature. However, in the case of diamond thin films, the method proves to be unreliable
since there is significant deviation from the assumption of one dimensional heat transport

through the solid. An alternative method, known as the heated bar technique, is therefore
employed to measure the thermal conductivity of the sample.
The heated bar technique employs one dimensional steady state heat transfer to measure the
thermal conductivity of the material. An assembly of thin film heaters and thermocouples is
deposited on a free standing substrate. A known quantity of heat is input into the material and
the resulting temperature profile is measured using thin film thermocouples. From the
measured temperature profile and the applied heat flux, the thermal conductivity of the
material is extracted.
Thermal conductivity measurements are performed on diamond films as a function of
morphology and thickness. It is found that there is a significant difference in the measured
value of the thermal conductivity between highly oriented diamond (HOD) samples and
samples having fiber texture. This is attributed to the presence of low angle grain boundaries
in the HOD films, which serve to refract rather than scatter phonons which are the dominant
heat carriers in the case of diamond.
The effect of the nucleation layer on the lateral thermal conductivity of the material is
ascertained by performing thermal conductivity measurements before and after etching of 10
µm of diamond from the nucleation side of a textured substrate. It is found that the removal
of the thermally poor quality material does not significantly affect the lateral thermal
conductivity of thick diamond films.
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1.

Introduction to the Structure, Properties and Synthesis of Diamond

1.1

Introduction

Heat transfer is one of the most fundamental physical phenomena which has widespread
applications across a whole spectrum of human activities. From turbines to thermal excitation
of atoms, heat drives our universe in both tangible and intangible ways - a universe without
heat would be a very dull universe indeed.
Given that heat transfer is such a fundamental process, it is essential, in order to understand
the phenomena, to be able to characterize it using quantities based on first principle
calculations. In the case of solids, one such physical property, which is fundamental to the
understanding of heat transport, is thermal conductivity. Thermal conductivity, as the name
implies, is a measure of how effectively heat is conducted through a medium.
The rapid development of microelectronics with ever increasing processor speeds and higher
device densities necessitates the development of unique thermal solutions in order to increase
the device reliability as well as operating temperatures. In this context, diamond with its very
high thermal conductivity, high breakdown voltage, large bandgap and high resistivity is well
suited for a large number of microelectronic applications. One such application is the use of
diamond as the buried dielectric in Silicon on Insulator (SOI) technology. However, for its
effective use in microelectronic applications, it is required that thin films of diamond be used
as opposed to bulk crystals. Once thin films of diamond are employed, the physical
properties of the film become sensitive to the defects present in the film, especially because
to date perfect heteroepitaxial growth of diamond films has proven to be elusive.
Therefore, it is imperative that the thermal conductivity of diamond films be studied for their
effective use in practical applications. The current and following chapters lay the background

and discuss measurements of thermal conductivity of diamond films.
1.2

Structure and Properties of Diamond

The element carbon with atomic number 6 and atomic weight 12 is the third most abundant
element in the universe, hydrogen and helium being the first and second, respectively [1].
Among the five elements of the group IVb in the periodic table, i.e., carbon, silicon,
germanium, tin and lead, carbon occupies a unique position in the sense that it is the only
element which is capable of forming tetrahedral, planar hexagonal and linear bonds. This
uniqueness arises from the ability of the valence electrons in carbon to form hybrid orbitals.
The sp hybridization results in linear bonds, sp2 in planar hexagonal and sp3 hybridization in
tetrahedral bonds. It is to be noted here that in the case of sp3 hybridization, the four valence
electrons each from a strong σ-bond (also known as a “saturated” bond) with the neighboring
atom. In the case of sp2 hybridization, three of the valence electrons form σ-bonds, while the
fourth electron forms a π-bond (also known as an “unsaturated” bond) directed normal to the
σ-bonding plane. Finally, in the case of sp hybridization, two electrons form σ-bonds, while
the remaining two form orthogonal π-bonds [2]. Further the electronic configuration of
carbon (1s2, 2s2, 2p2) enables it to be amphoteric in nature, i.e., it is capable of forming stable
molecules either by accepting or donating electrons. Therefore carbon has the powerful
capacity to form a large number, close to ten million [3], of stable compounds. In fact, it
would not be an exaggeration to say that the existence of life would be impossible without
the element carbon.
Having discussed, albeit very briefly, the element carbon, we will now turn our attention to
the different allotropic forms of carbon. Table 1.1 below shows the different known
allotropes of carbon [1].
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Table 1.1: Allotropes of Carbon

sp3
Diamond:
a) Cubic
b) Hexagonal

sp2
Graphite:
a) Hexagonal
b) Rhombohedral

sp3+sp2+sp
Mixed Forms of Carbon:
a) Amorphous Carbon
b) Glassy Carbon
c) Carbon Blacks
d) Adamantine Carbon

sp
Carbyne:
a) α- Carbyne
b) β-Carbyne
c) Chaoite
spn

Intermediate Forms
(3>n>2):
a) Fullerenes, Cx(x =60,
70, …)
b) Carbon nanotubes,
onions

Intermediate Forms
(2>n>1):
a) Cyclo(N)carbons, N = 18,
24, 30, …

Since the most widely known and used forms of carbon are diamond and graphite, we will
confine the following discussion on the structure to these two forms.

1.2.1

Diamond

Diamond can be found with two different crystal structures, cubic (Figure 1.1) and
hexagonal, the hexagonal form being known as Lonsdaleite. Most naturally occurring and
synthetic diamond has the face centered cubic crystal structure (i.e. a fcc lattice with the basis
(0,0,0) + (1/4,1/4,1/4)), with lattice parameter 3.56 Å and density of 3.51 g/cm3. Lonsdaleite,
on the other hand, has the lattice parameters a =b= 2.52 Å and c = 4.12 Å and is found in
meteorites.
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Figure 1.1:

1.2.2

Structure of Cubic Diamond: fcc lattice with the basis (0,0,0) + (1/4,1/4,1/4)

Graphite

Figure 1.2 below shows the structure of graphite. It essentially has a two dimensional
hexagonal structure with a=b=2.46 Å and c=6.708 Å. The 2D layers can, however, be
stacked differently with adjacent layers shifted with respect to the underlying layer, giving
rise to three different stacking configurations.

Figure 1.2:

2D Structure of Graphite showing atoms arranged along a single plane
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It is useful to bear in mind that the C-C bond strength in the case of sp3 bonding is 389
kJmole-1[4]. This extremely high bond strength is the principal reason for the superior
properties of diamond as compared to graphite. The difference in lattice structures gives rise
to a host of differences in physical properties, notable among which is the Debye
temperature. In the case of diamond the three dimensional nature of the lattice coupled with
the high bond strength ensures that the value of the Debye temperature is extremely high (θD
= 2230 K), giving rise to its stellar room temperature thermal characteristics [5]. On the other
hand, the weak interplanar bonding in graphite results in in-plane and cross-plane thermal
conductivites differing by a factor of 200, with the in-plane value being close to that of
diamond. Another well known property of graphite, i.e., its poor resistance to shear stress, is
directly attributable to the two dimensional nature of graphite structure. Table 1.2 below lists
some of the physical property data for diamond.

Table 1.2:

Physical Property Data for Diamond [2,4,6,7]

Property

Value

Units

Hardness

80-100

GPa

Thermal Conductivity

25

W/cmK

Young’s Modulus

1050

GPa

Resistivity

1012-1016

Ωcm

Bandgap

5.5

eV

Electron Mobility

2000

cm2/V-s

Breakdown Field

107

V/cm

It is worth noting here that the hardness, thermal conductivity and Young’s modulus values
are the highest values among all materials known to humans.

5

1.3

Synthesis

Consider the two reactions [1]:
Cgraphite (s) + O2 (g)  CO2 (g); ΔH = -94.030 kcal/mole

(1.1)

Cdiamond (s) + O2 (g)  CO2 (g); ΔH = -94.484 kcal/mole

(1.2)

____________________________________________________________
Cgraphite (s)  Cdiamond (s) ; ΔH = 454 cal/mole

(1.3)

where the ΔH values are the standard enthalpies of formation. Given that values for molar
entropies for diamond and graphite are 0.5829 cal/deg/mole and 1.3608 cal/deg/mole, it can
be easily shown that the Gibbs free energy change under standard temperature and pressure is
positive for the transition Cgraphite  Cdiamond. Therefore, graphite is the stable form of carbon
under “normal” conditions. This is evident in the phase diagram of carbon as shown in figure
(1.3). Another point to be noted is that since the molar entropy of graphite is higher than that
of diamond, higher temperatures result in greater instability of diamond, therefore requiring
higher pressures to make diamond stable [6], which again is evident in the phase diagram.
Given the exceptional properties of diamond, it is no surprise that attempts at synthesizing
diamond have been made - since it was established as a form of carbon in the late 18th
century. However, significant progress towards the production of diamond crystals occurred
in the mid-20th century because scientists were able to evaluate the regions of thermodynamic
stability of graphite, vis-à-vis diamond.
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Figure 1.3:

Phase Diagram of Carbon showing the principal allotropes of the element.

Without going into the history of the development of synthetic diamonds, it is possible to
classify the current methods of synthesizing diamond into the following broad categories [8].
1.3.1

Synthesis at High Pressures and High Temperatures

The High-Pressure High-Temperature (HPHT) methods of synthesis of diamond, as the name
implies, exploit the thermodynamic stability of diamond over graphite at higher temperatures
and pressures (figure (1.3)). Therefore, HPHT methods involve either the direct conversion
of graphite to diamond or conversion with the help of catalysts. The catalysts can be [1]:
•

metals which form either carbides (such as Cr, Mn and Fe) or solid solutions of
carbon (Co, Ni, Ru, Pd, Os Ir, Pt, Ta) from which diamond can later be obtained. Of
these, Mn, Fe, Co, Ni, Pd and Pt are used in the industrial synthesis of diamond

•

alloys between carbide forming metals (Ti, Zr, Hf, V, Nb, Mo, W) and non-carbide
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formers
•

materials which are non-reactive towards carbon but promote formation of diamond
when melted: P, Cu, Zn, Ge, Sn, Sb

•

1.3.2

LiH and CaH2

Synthesis at Low Pressures and High Temperatures

In the low pressure regime, graphite is the stable form of carbon. The synthesis of diamond at
high temperatures and low pressures therefore involves diamond as the metastable phase.
Therefore, it follows that whatever conditions are used for the diamond synthesis, they must
be unfavorable chemically for graphite, as otherwise it would result in graphite being formed
in favor of diamond. The metastable synthesis of diamond is found to occur with a number of
precursors, i.e., methane, acetylene, carbon monoxide, carbon dioxide, methyl alcohol, ethyl
alcohol, isopropyl alcohol, acetone and several other organic compounds [2]. All of the
common methods of diamond synthesis involve Chemical Vapor Deposition (CVD)
techniques, which, as the name implies, use gas phase precursors for diamond synthesis.
There are four common methods of diamond CVD synthesis, all of which, in general, involve
substrate temperatures from 500°C to 1200°C and use H2 along with a gas that provides
carbon for diamond deposition (typically CH4) [7]:
•

the hot-filament method involves the use of a heated filament placed close to a
suitable substrate on which diamond deposition is occurs. The heated filament assists
in the decomposition of the gas phase precursors (typically H2:CH4:O2 in a 98.5:1:0.5
ratio and at ~ 30 Torr);
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•

plasma-jet CVD involves the use of a dc discharge or an rf plasma (10-50 kW) to
decompose the precursors (again typically CH4, H2 in ratios similar to those of the
hot-filament method at 100-400 Torr) which exit from a nozzle. It should be noted
that in plasma-jet methods the gas mixture is at extremely high temperatures
(>5000K) and therefore substrate cooling is essential;

•

combustion flame synthesis involves the use of an oxy-acetylene blowtorch to
deposit diamond. The precursors, of course, being C2H2 and O2 (0.9:1). This method
also requires active substrate cooling;

•

plasma assisted CVD uses either microwave or rf plasma to decompose the gas
mixture (CH4,H2 at ~ 30 Torr). Since Microwave Plasma Chemical Vapor Deposition
(MPCVD) is the method used for synthesizing diamond films for the work discussed
in this document, the following pages illustrate the main features of the process.

MPCVD synthesis of diamond utilizes a magnetron to generate microwaves at 2.54 GHz
which in turn generate a plasma with the gas species being generally CH4 (diluted to 1%) in
H2 at a pressure of ~ 30 Torr. While the details of the exact mechanisms of diamond
formation are complicated and are not clearly understood, the following diagram (figure
(1.4)) illustrates the salient features of diamond growth [4, 6, 8].
As can be seen from figure (1.4), the gases methane and hydrogen are dissociated in the
plasma to form activated hydrocarbons and atomic hydrogen. The hydrocarbons are then
adsorbed onto the substrate surface to form graphite clusters, which are thermodynamically
stable, along with diamond clusters which are formed due to thermodynamic fluctuations.
The atomic hydrogen which is generated, along with the activated hydrocarbons in the gas
phase performs two crucial roles: (i) it reacts with graphite twenty to thirty times faster as
compared to diamond and, therefore, preferentially etches away the graphite clusters leaving
the diamond on the substrate; (ii) it helps converting the “unsaturated” sp and sp2 bonds to
“saturated” sp3 bonds, thereby suppressing the formation of the other allotropes of carbon in
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favor of diamond growth.

Figure 1.4:

Diagram showing the relationship between the main mechanisms taking place
during the MPCVD growth of diamond

It is found that the nucleation density of diamond on carbide-forming substrates, like Si, Mo,
W, is one to two orders of magnitude greater than that on the non-carbide formers. In order to
increase the nucleation density on polished silicon substrates, earlier efforts employed the
mechanical or ultrasonic abrasion of the silicon substrate with or without diamond powder,
resulting in nucleation densities on the order of 107 to 109 nuclei/cm2. A number of factors
including the high lattice mismatch between diamond and silicon and high surface energy of
diamond are attributed to the low nucleation densities of diamond on silicon [2, 9].
Once the diamond has nucleated, the subsequent growth morphology is a sensitive function
of the substrate material, temperature, the gas species present and the flow rate of the gas
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species. Since the structure of the material is intimately related to the physical properties of
the material, effective control of the morphology of the polycrystalline material is crucial for
successful practical applications. As compared to other materials, diamond is less amenable
to post synthesis processing and, therefore, it is crucial that the morphology be controlled as
and when the film is being synthesized [10].
If we consider the growth of a single grain, the grain will be bounded by crystal facets which
have the slowest growth rates. As in the case of diamond the commonly occurring facets are
{111} and {100}, it is found that the ratio of the growth velocity along the (100) direction to
that of the (111) direction, v100/v111, is a good indicator of the morphology of the resulting
film. It is found that with increasing temperature the resulting morphology changes from
octahedral (v100/v111 = 1.65, at 725 ºC) to cubic (v100/v111 = 0.6, at 835 ºC), while passing
through the intermediate cubo-octahedral morphologies at intermediate temperatures.
In the case of growth of diamond on (100) silicon substrates, we may conclude from the
foregoing discussion that it would be desirable to have the textured growth of diamond on the
substrate. This is achieved, along with an order of magnitude increase in the nucleation
density, by employing what is known as the Bias Enhanced Nucleation (BEN) process. This
is a three step process involving carburization, BEN and finally growth. During
carburization, the substrate is maintained at ~900°C (with CH4/H2 being 2%, at 25 Torr); the
BEN step involves biasing the substrate (at -250 V) for a duration of ~4 min (at 15 Torr, and
~700°C). While the theoretical details of the mechanisms which result in textured films
remain foggy at best, it may be surmised that the carburization step serves to form epitaxial
layer of β-SiC which may promote textured growth and also reduce the incubation time for
diamond nucleation. The effect of applying a bias on increasing the nucleation density can be
attributed to the increased arrival rate of the activated hydrocarbon/hydrogen species at the
surface (thereby promoting both deposition/etching), enhancement of reactions just above the
substrate surface, inhibition of oxide formation (which is detrimental to diamond nucleation)
and an increase in surface mobilities of the adsorbed species [9, 11, 12].
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1.4

Fundamentals of Microscale Heat Transfer

As mentioned earlier, heat transfer plays a fundamental role in the various phenomena that
occur in the universe. The process of heat transfer, as is well known, can occur through three
different mechanisms: conduction, convection, and radiation. Each of these heat transport
mechanisms is a huge field on its own and, therefore, in the interest of brevity and relevance,
the discussion is confined to conductive heat transport. Conductive heat transport, in turn,
based on the length scales involved, can be classified into three main regimes as shown
below [13, 14]:

Figure 1.5:

Diagram showing the different length scales involved in heat transport

With reference to figure (1.5), it may be noted that the letters d, γ, α refer to the characteristic
dimension (of the material under consideration), the mean free path of phonons and phonon
wavelength, respectively.
In the realm of everyday macroscopic experience, heat transport by conduction is described
very satisfactorily by the continuum heat diffusion equations (Fourier’s laws), wherein the
bulk properties of the materials are used. In the more complicated case of anisotropic
12

materials, the equations involve tensor quantities for the physical property data. Therefore,
heat transfer in bodies such as automobile engines, turbines etc., can be either numerically or
analytically evaluated in this regime. In other words, the role of heat carriers does not come
into the picture on this scale.
Table 1.3 below shows the different types of fundamental heat carriers involved in thermal
transport and their associated properties [15].

Table 1.3:

Fundamental Heat Carriers
Carrier

Free Electrons

Method of
Propagation
Generation
Media
Ionization Vacuum/Media
or excitation

Statistics
FermiDirac

Velocity
(m/s)
~106

Phonon

Lattice
vibrations

Media

BoseEinstein

~103

Photon

Atomic,
molecular
transitions

Vacuum/Media

BoseEinstein

~108

Of the three types of carriers listed above, photons are involved with radiative heat transport
while phonons and electrons are involved in the conductive thermal transport in solids. Since
the main emphasis of the current work concerns the material diamond, which is an insulator,
the following pages will discuss heat transport due to phonons in some depth. Before doing
so, it is worthwhile to consider the rationale behind evaluating the thermal conductivity of
thin films.
Consider the following simple expression for the thermal conductivity based on the kinetic
theory of gases[16]:
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1
λ = C p vγ
3

€

(1.4)

where: λ is thermal conductivity (W/cmK), Cp Heat Capacity (J/cm3K), v molecular velocity
(cm/s) and γ Mean free path between collisions (cm).
Using the λ = 20 W/cmK, v = 13.2 x 105 cm/s, and Cp = 1.895 J/cm3K [17, 18], we get γ
~0.24 µm (the value of λ = 20 W/cmK is chosen because it is assumed that the thermal
conductivity of a single grain approximates that of a single crystal). Although the foregoing
calculation is a gross oversimplification, it gives us an idea of the length scales involving
phonon transport in diamond. From this we may conclude that on the scale of a few tens or
even hundreds of micrometers, thermal transport by phonons plays an important role and
governs the thermal conductivity in diamond. In other words, processes which may affect
thermal carrier transport through the material, such as dislocations, impurities, scattering
events between carriers, will influence the observed thermal conductivity to varying degrees.
Heat transport at the length scales considered above would hardly have engendered the
degree of interest that it does today, had it not been for the advent of microelectronics. With
the ever increasing demand to produce faster and more compact devices, the device density is
increasing at a phenomenal rate. It has been projected that the heat dissipation requirement in
the next four years will exceed 1kW for microprocessors, with the number of devices per
chip exceeding 2x108 [19]. In this context, it is important to bear in mind the development of
Silicon-On-Insulator (SOI) technology. SOI devices traditionally use a buried silicon dioxide
layer, to improve the electrical characteristics of devices by preventing latchup and current
leakage. However, a significant drawback with the buried insulator being silicon dioxide is
that it results in generation of “hot spots” in the devices because of its poor thermal
conductivity (~ 0.01 W/cmK) [20]. The mechanism of heat generation within a device will be
explained later. The application of diamond, which is an excellent insulator with exceptional
thermal conductivity, should obviate the problem of heating up of the individual devices.
However, the application envisaged being microelectronic, coupled with the difficulty in
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quickly growing films of sufficient thickness, would result in films whose thickness regime
will ensure that phonon transport plays a major role in the observed thermal conductivity. In
addition, there is the added complication that for each method of synthesis of the material,
there are an associated set of defects/scattering mechanisms, which makes it imperative that
the thermal conductivity be evaluated for specific method of synthesis and at particular
growth conditions [15]. We now turn our attention to brief discussion on phonons [13, 16,
21] while a more complete and detailed discussion can be found elsewhere [22].
Consider a simple linear chain of atoms as shown below:

Figure 1.6:

One-dimensional chain of atoms all of equal mass M1 and connected by
“springs” having “spring constant” K

The equation of motion of the nth-atom in the chain is given by:
M

€

d 2 xn
= K ( x n +1 − x n ) + K ( x n−1 − x n )
dt 2

(1.5)

where M is the mass of the atom, x its displacement and K the spring constant. Equation (1.5)
has the solution of the form:

x n = Aexp(i(nka − ωt))

(1.6)

where A is the amplitude of vibration, a is the interatomic spacing, k is the wavenumber and

€

ω is the angular frequency. Substituting (1.6) in (1.5) and simplifying we get the “dispersion
relationship”:
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 2K 
ω =  (1− cos(ka)
M

(1.7)

which essentially gives the relationship between the frequency and wavenumber for the

€

propagation of waves described by equations (1.5) and (1.6). It should be noted here that the

π
equation (1.7) is periodic in nature with the period 2π/a reaching a peak at ± . It is useful to
a
define a quantity known as the group velocity by:

€

vg =

∂ω
∂k

(1.8)

As a next step in generalization, we may consider two different atoms alternating between

€

each other along a linear chain as shown in the following figure:

Figure 1.7:

Linear chain of atoms with two different masses M1 and M2 but with the same
“spring constant” K

This would result in two equations of motions for each of the atoms, and going through a
similar procedure as outlined above (not reproduced here in the interest of brevity), it results
in a quadratic equation in ω2, which has two roots, designated as the optical and acoustic
branches. For small ka:
 1
1 
ω 2 = 2K 
+
 (optical branch)
 M1 M2 

€

(1.9)
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 1

K 

ω 2 = k 2 a2  2
 (acoustic branch)
 M1 + M2 



€

€

(1.10)

For k = π/a:

ω2 =

2K
(acoustic branch)
M1

(1.11)

ω2 =

2K
(optical branch)
M2

(1.12)

€

Figure 1.8: Diagram showing the dispersion relationship, with the optical and acoustic
branches. There is little change in the slope of the optical branch implying that
the group velocity essentially zero.
Figure (1.8) shows a schematic of the dispersion relation with the optical and acoustic
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branches. In the case of a three dimensional crystal, the results are essentially the same
except that the optical and acoustic branches further split into longitudinal and transverse
branches. From figure (1.8) it can be seen that there is very little variation in the slope of the
optical branch. It is therefore reasonable to assume that the group velocity (equation (1.8)) is
zero for the optical branch and it plays no major role in the propagation of the lattice
vibrations in the crystal. Since the phenomenon of heat is attributed to the propagation of
lattice vibrations, it is therefore safe to conclude that optical phonons do not play an
important part in the conduction of heat through the lattice. The term phonon is applied to the
quantization of the energy of the above mentioned lattice vibrations, which in effect limits
the available frequencies for the phonons (details may be found in reference [22]). The finite
value of the thermal conductivity may be attributed to different scattering mechanisms,
which alter the phonon momentum.
Having discussed in brief, the issue of thermal transport by phonons in materials, we can now
consider the mechanism involved in the generation of heat within a device. As the device
dimensions shrink, the electric fields produced also increase and may reach values as high as
106 V/cm. Under high electric fields the energy of the electrons increases correspondingly.
Now consider the expression, for the “electron heat capacity”:
Ce =

€

dW e
dTe

(1.13)

here We refers to the energy of the electrons and T e is the “electron temperature”. Knowing
the heat capacity and the energy of the electrons, it is possible to evaluate the electron
temperature. When the electron temperature exceeds the lattice temperature, they are known
as “hot electrons”. These electrons undergo collisions with the optical phonons, thereby
increasing density of the optical phonons, which in turn decay into acoustic phonons, thereby
increasing the lattice temperature [23]. The figure (1.9) below shows the path of heat
transport and electron transport within a SOI device, using SiO2 and diamond as the buried
insulator. It should be noted here that the heat transport is not affected by surface defects for
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the film thickness considered in the present study.

Figure 1.9:

Figure showing the contrast in heat transport with silica and diamond being
used as the buried dielectric
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2

Experimental Methods for Determination of Thermal Conductivity

2.1

Introduction

Having considered the motivation for the measurement of thermal conductivity, we now turn
our attention to the practical realization of thermal conductivity measurements. Before going
into the different methods used for thermal conductivity measurement, it is useful to consider
some of the theoretical aspects of heat transfer phenomena. The theoretical basis will serve
two purposes: first, it will provide a framework to discuss various experimental methods and
second, it will serve as a foundation for future chapters wherein concepts discussed here form
the fundamental basis for metrology.
The methods used for measuring thermal transport properties may be broadly classified into
three major categories [24, 25]:
•

thermal wave methods

•

pulsed methods

•

steady state methods

The fundamental theoretical basis for all three methods is the expression for the law of
conservation of energy in three dimensions:

λ 2
q
∂T
∇ T+
=
ρc p
ρc p ∂t

€

(2.1)

wherein λ is thermal conductivity, ρ density, cp specific heat capacity, T temperature, q
volumetric heat generation, and t time.
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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 volumetric heat
generation and also that heat is transferred along only one direction, we get:

κ

∂ 2 T ∂T
=
∂x 2 ∂t

wherein κ =

€

(2.2)

λ
is thermal diffusivity of the material
ρc p

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

Thermal Wave Methods

2.2.1

Thermal Wave Generation [26, 27]

We begin with solution for the one-dimensional heat equation for the special case when the
temperature distribution is assumed to be oscillatory and there is prescribed temperature at x
= 0 which is also oscillatory (cf. appendix A), i.e., the solution to the problem:

κ

€

∂ 2 T ∂T
=
∂x 2 ∂t

T (0,t ) = Acos(ωt )

(2.2)

(A.5)

which has the solution:

€
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T ( x,t ) = Aexp(−kx ) cos(ωt − kx )

(A.6)

1

ω  2
€ where k =   .
 2κ 

Equation (A.6) represents what are known as “thermal waves” in a medium with wave
€ number k and frequency ω . These waves have several interesting properties which are

illustrated below. In equation (A.6), if we assume diamond as the medium of heat conduction
with λ = 20 W/cmK and cp = 1.895 J/cm3K and plot just the steady state solution vs. x we
get:

Figure 2.1:

Effect of the frequency on the damping term for a diamond sample with the
following parameters, λ = 20 W/cmK and cp = 1.895 J/cm3K.

Figure (2.1) shows that the effect of the exponential term in equation (A.6) would be to
attenuate the temperature drastically as a function of both the frequency and distance. This
has significant implications in that if there are any higher harmonics present, they will be
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damped out much more rapidly than the fundamental frequency. Therefore, the damping term
plays a fundamental role in determining the effective thickness that the thermal waves may
propagate into a given material. Now we turn our attention to the oscillatory term in equation
(A.6):

Figure 2.2:

Plot shows that with increasing frequency there is corresponding phase shift in
the temperature oscillations for a diamond sample (λ = 20 W/cmK and cp =
1.895 J/cm3K).

Figure (2.2) clearly illustrates the phase shift with increasing frequency, which, as will be
evident subsequently, has significant implications in the measurement of thermal properties.
We now consider the temperature distribution within the medium as a function of position
and time separately. This is illustrated in the following two plots, which show:
•

temperature fluctuations within the medium at a particular position as a function of
the dimensionless parameter ωt (figure 2.3).
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•

temperature distribution within the solid at a particular frequency as the time changes
(figure 2.4). In the both the plots the temperature is normalized with respect to the
constant A (which has dimensions of temperature) in equation (A.6)

Figure 2.3:

Plot of the normalized temperature for a diamond sample (λ = 20 W/cmK and
cp = 1.895 J/cm3K) at the position x = 0.005 cm as a function of the
dimensionless parameter ωt.
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Figure 2.4:

Plot of normalized temperature versus distance from the sample surface for a
diamond sample(λ = 20 W/cmK and cp = 1.895 J/cm3K), at different values of
the dimensionless parameter ωt (ω = 100 s-1).

An interesting case is one in which a periodic heat flux of the form

Φ = Φ0 cos(ωt )

(2.3)

is applied at the surface (x = 0) of the medium. Using equations (A.6), (2.3) and the Fourier’s

€

first law of heat conduction,

Φ = −λ

∂T
∂x

(2.4)

it can be shown that the resulting temperature distribution is of the form:

€
T ( x,t ) =

€


Φ0
π
exp(−kx ) cosωt − kx − 

4
kλ 2

(2.5)
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Figure 2.5:

Plot of the temperature for a diamond sample (λ = 20 W/cmK and cp = 1.895
J/cm3K) at the position x = 0.005 cm as a function of the dimensionless
parameter ωt with an oscillatory flux is applied to the sample surface.

Figures (2.5) and (2.6) are plots of temperature characteristics with a periodic flux applied to
the surface. The phase shift along with the lowering of the amplitude are clearly visible.
Also, it can be seen from equation (2.5) that the constant involved in the amplitude of the
thermal waves contains very important material properties. Needless to say, the above
mentioned characteristics of thermal waves prove to be invaluable in extracting material
property data of the medium through which they propagate
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Figure 2.6:

Plot of temperature versus distance from the sample surface for a diamond
sample (λ = 20 W/cmK and cp = 1.895 J/cm3K), at different values of the
dimensionless parameter ωt with an oscillatory flux is applied to the sample
surface.

From the above discussion the velocity of propagation of the thermal waves is given by
(using k from equation (A.6)):

ω
k
v = 2κω
v=

(2.6)

The plot of the variation of velocity with frequency is shown in figure (2.7) below.
€
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Figure 2.7:

Plot of the velocity of the thermal waves as a function of frequency for a
diamond sample (λ = 20 W/cmK and cp = 1.895 J/cm3K).

The velocity of thermal waves has an important significance in that it places an upper bound
on the frequencies used for probing a given material: if the velocity of the thermal waves
exceeds the velocity of sound (in the case of insulators), it results in the breakdown of the
above heat transfer analysis. A logical extension of the case considered above is shown in
figure (2.8) below [28, 29, 30, 31]:

Figure 2.8:

Schematic of a simplified one dimensional system involving both gas and
solid phases, with regions I and II being solid and region III being a gas phase.

28

Figure (2.8) shows three contiguous regions. Regions I and II are solid with different material
properties and the region III denotes a gas. When the surface of region II is illuminated by a
periodic light source, it gives rise to a temperature distribution in each of the three regions, as
follows (cf. Appendix A):

€

TI ( x,t ) = A4 exp((1+ i) k I ( x + l1 )) exp(iωt)

(A.25)

 A exp[(1+ i) k x ] + A exp[−(1+ i) k x ]
1
II
2
II


βI0
TII ( x,t ) = +
 exp(iωt )
exp(−βx )
 λ β 2 − 1+ i k 2

(( ) II )
 II


(A.21)

TIII ( x,t ) = A3 exp(−(1+ i) k III x ) exp(iωt )

(A.23)

(

€

)

where the symbols have the same meaning as defined earlier and the subscripts I, II, and III
€

correspond to regions I, II and III respectively.
The constants A1-A4 are evaluated from the continuity conditions given by:

€

TIII (0,t ) = TII (0,t )

(2.7)

TI ( L1 ,t ) = TII (L1 ,t )

(2.8)

∂TIII (0,t )
∂φ (0,t )
= λII II
∂x
∂x

(2.9)

∂TI ( L1 ,t )
∂φ ( L ,t )
= λII II 1
∂x
∂x

(2.10)

€

λIII

€

λI

From the above discussion, the presence of thermal waves in all three regions is evident.
€

These waves are detected, either directly (i.e., via temperature oscillations) or indirectly,
giving rise to a host of different characterization techniques which enable one to characterize
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the thermal properties of a given material.
2.2.2

Photothermal Radiometry [25, 30, 31, 32]

Figure 2.9:

Essential features of photothermal radiometry, showing a source of radiation
and a detector used to measure the temperature due to the heat waves. The
position of the detector depends on whether transmitted or reflected radiation
is measured and the configuration of the collection optics.

Figure (2.9) above shows the essential features of a photothermal radiometry or more
specifically Photothermal Infrared Radiometry (PT-IR) setup. In this method, the surface of
the sample is periodically heated by means of a laser beam and the emitted (or transmitted)
heat waves are measured by means of a suitable detector, which may be located either near
the front surface of the sample or the rear surface (for backscattered or transmitted radiation
respectively). In other words, we are concerned with the temperature profile in region II of
figure (2.8). If we define the thermal penetration depth in the solid to be

µII =

€

2κ II
ω

(2.11)

and the optical absorption depth (for the incident radiation) to be
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χ=

€

1
β

then, for the special case when χ << µII equation (A.21) reduces to:
TII =

€

(2.12)

I0 µII
4 λII

(2.13)

which is dependent directly on the material properties of the sample. Therefore, it is possible
to directly extract thermal property data from the measured temperature. Since the measured
temperature varies in direct proportion to thermal penetration depth, which in turn varies with
the angular frequency, it is possible to probe the sample at various depths and hence evaluate
the influence of various sublayers on their thermal properties.
2.2.3

Photoacoustic Method [28, 29, 30, 33, 34]

We now turn our attention to the gas phase (region III in figure(2.8)) and the associated
temperature profile. Recalling the temperature profile in the gas phase:
TIII ( x,t ) = A3 exp(−(1+ i) k III x ) exp(iωt )

€

(A.23)

From equation (A.23) it can be seen that at a distance of 2πµIII, where

µIII =

2κ III
ω

(2.14)

is thermal penetration depth in the gas phase, the amplitude of the thermal oscillations is
€

significantly damped (exp(-2π)<<1). Therefore we can define a boundary layer beyond
which the effect of the thermal waves will be negligible, with the length of the boundary
layer being given by 2πµIII.
It can be shown, assuming the gas to be ideal, that the boundary layer moves in response to
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the gas phase temperature oscillations (cf. Appendix A):


π 
A3 µIII expiωt − 
4 

Δx =
2T0

(A.30)

Since the rest of the gas column above the boundary layer is essentially stationary, the

€

displacements caused by the temperature oscillations act as piston on the gas column.
Assuming the gas column to respond adiabatically to the “piston” of the boundary layer, we
know from the adiabatic gas law:
PV γ = Constant

€

(2.15)

therefore the response of the gas column to a change in pressure is given by (γ is the
adiabatic exponent):

ΔPV γ + γPV γ −1ΔV = 0
ΔP
ΔV
⇒
= −γ
P
V

(2.16)

The “piston” on the gas column acts in the direction opposite to that of the thermal boundary
€

layer, ΔV = -Δx for the gas column. Therefore the change in pressure of the gas column is
given by (using equation (A.30)):


π 
ΔP = Y exp iωt − 
4 

A γP µ
where Y = 3 0 III
Lg 2T0

€

(2.17)

where Lg is the length of the gas column. Equation (2.17) represents acoustic waves
generated within the gas column. These waves are picked up by means of a gas microphone
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on the wall of the photoacoustic cell. A schematic of a typical photoacoustic cell is shown in
figure (2.10). Further simplifications to equation (2.17) are possible based on the sample
thickness, the optical properties and thermal properties of the sample material.

Figure 2.10: Schematic of a photoacoustic cell showing the boundary layer which is
responsible for the generation of the acoustic signal and the microphone used
for the detection of the signal.

2.2.4

Photothermal Deflection Method (“Mirage Effect”) [ 35, 36, 37]

The so called “Mirage Effect” exploits the temperature dependence of the index of refraction
of the gaseous medium to detect the thermal waves produced in the gas. The expression for
the amplitude of deflection of a light beam passing through the gas phase as a function of the
index of refraction and the temperature of the gas phase is given by:

φ=

L dn dT
n dT dx

(2.18)

where n: refractive index

€
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L: interaction length of probe beam with the thermal gradient in the gas phase

dT
: temperature gradient in the gas phase
dx
The practical implementation of this method involves the use of two laser beams (figure

€

2.11), a pump beam to induce thermal waves and a probe beam to measure the deflections
caused by the change in the index of refraction of the gas. Since the temperature distribution
in the gas phase is known (c.f. equation (A.23)) it is possible to determine the temperature
gradient and hence φ. Since equation (A.23) contains thermal property data it is found on
evaluating equation (2.18) that it is possible to extract the data from the amplitude of the
deviations in the probe beam.

Figure 2.11: Schematic of the photothermal defelection method, the pump beam is used to
induce the thermal waves while the probe beam measures the deflections
caused by the waves.
A further development of the above technique involves the use of three light beams. Two of
the three beams are used to create an interference pattern, which forms a “thermal” grating,
i.e., parallel planes with hot and cold regions. The third beam is used to probe the grating to
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extract thermal property data. The “thermal gratings” in effect are a consequence of the
transient heat transfer and are not “permanent” or “real”. Figure (2.12) is a schematic of the
Photothermal Deflection at Transient Thermal Gratings.

Figure 2.12: Essential features of a transient thermal grating setup, the probe beam is used
to extract the thermal property data.

2.2.5

A.C. Calorimetry [27, 38,39]

The A.C. Calorimetric method exploits the solution to heat diffusion equation with a periodic
flux applied to one surface as given by equation (2.5):
T ( x,t ) =

€


F0
π
exp(−kx ) cosωt − kx − 

4
kλ 2

(2.5)

In its simplest form, the a.c. calorimetric method exploits two properties of the thermal
waves:
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1

Damping of the Temperature Amplitude: As noted before and as evident in equation (2.5)
the exponential decay of the temperature amplitude between two points at a fixed
distance is measured and the thermal property data extracted.

2

Phase Difference: Since the velocity of propagation is an explicit function of the
wavenumber k which in turn determines the phase difference in temperature oscillations
at two different points separated in space, it is possible to deduce the material property
data from the observed phase difference at two different points along a specimen.

The above ideas are implemented practically as illustrated by figure (2.13) shown below

Figure 2.13: Central idea behind the a.c.calorimetric method. The sample is in the form of
a rod with the heater at one end and a heat sink at the other end. The
temperature profile is measured by means of two temperature sensors (T1 and
T2).
Figure (2.13) above shows the a.c. calorimetric method as applied to a long rod. Thermal
waves are generated at one end of the rod while the other end is in contact with a constant
temperature bath. The temperature is recorded at two different points (marked T1 and T2 in
figure(2.13)) and the results extracted as discussed earlier.
An interesting variation of the basic principle illustrated above is shown in figure (2.14). This
method is used for thin samples wherein the thermal penetration depth is much greater than
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the sample thickness. Figure (2.14) shows the cross sectional view of the sample with a
mask covering a part of the sample. Both the sample and mask are periodically heated by
means of a light source, but only one part of the sample is exposed to the radiation and the
other half remains under a shadow.

Figure 2.14: A variation of the a.c. calorimetric method using a moving mask. The
temperature sensor is located at a fixed distance while the mask is moved to
give an apparent change of distance.
Heat diffuses along the direction x into the shadowed region. A thermocouple is attached to
the sample at a distance r from the edge of the mask shadow and the mask is moved to give a
change in distance by Δr. The wavenumber is then given by the expression:

 T (r ) 
ln

 T ( r + Δr) 
k=
Δr

(2.19)

€
The AC calorimetric method has also been extended for the case of optically transparent
materials on a substrate.
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2.3

Pulsed Methods

2.3.1

Flash Method [26, 40, 41, 42]

Section 4 of appendix A deals with the case of one-dimensional heat transfer through a
thermally conducting medium bounded by two surfaces which are insulating at the
extremities (i.e. x = 0 and x = L), the solution of which is presented here:

1
T ( x,t ) =
L

L

2
f ( x )dx +
L

∫
0

L

∞

∑cos( p x) exp(−p tκ ) ∫ f ( x) cos( p x)dx
n

n= 1

2
n

n

(A.48)

0

It is can be seen that the above class of solutions are in marked contrast to the thermal wave

€

solutions. Here the temperature distribution in the solid decays exponentially in time.
If the thermally conducting medium is subjected to an instantaneous pulse of heat input
which is assumed to be absorbed uniformly over the medium over a small thickness δ (as
compared to the overall thickness L), then the initial conditions may be represented by
T ( x,0 ) =

W
ρc pδ

T ( x,0 ) = 0

0 < x <δ

(2.20)

δ<x <L

where W is the pulse energy. When subject to the initial conditions given by equation (2.20)
€

the temperature distribution reduces to:
W 
T ( x,t ) =
1+ 2
ρc p L 


cos( pn x ) exp(− pn2 tκ )

n= 1
∞

∑

(2.21)

If we consider the temperature at x=L we get:
€

38

n
∞


W 
2
T ( L,t ) =
1+ 2 (−1) exp(−pn tκ )

ρc p L 
n= 1



∑

(2.22)

The figures below show the nature of the temperature rise at the rear surface (i.e. at x = L) in

€

the following ways:
Figure (2.15) below shows the normalized temperature for diamond using the same thermal
property data as before, i.e. the volumetric heat capacity being 1.895 J/cm3 and the thermal
conductivity given by 20 W/cmK assuming a sample thickness of 1 cm. Though the
thickness shown is unrealistic for diamond films, it does show how quickly the temperature
saturates at the rear of the sample

Figure 2.15: Plot of temperature rise at x = L for a 1 cm thick diamond sample (λ = 20
W/cmK and cp = 1.895 J/cm3K). The temperature saturates rapidly with time
indicating a very high diffusivity for diamond.
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Figure (2.16) shows the effect on the temperature saturation times of varying the sample
thickness. The thermal parameters are assumed to be constant, which is unrealistic.
Nevertheless, it does give a very rough estimate of the time scale involved.
It is possible to extract the thermal conductivity from the measured temperature rise at end of
the sample as follows. When we examine the exponential term in equation (2.22) above, we
find that the following parameter is a dimensionless quantity which we may define as the
dimensionless time:

π 2κt
ω= 2
L

(2.23)

€

Figure 2.16: Plot of temperature rise at x = L for varying thickness for a diamond sample
(λ = 20 W/cmK and cp = 1.895 J/cm3K). With decreasing thickness the
temperature saturates faster.
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A plot of the normalized temperature with dimensionless time gives the following curve
which is independent of the thickness of the specimen. From the plot, it can be shown that
the value of the dimensionless time when the normalized temperature reaches a value of 0.5
is 1.38. Since the temperature at the back of the specimen is recorded, it is possible to record
the corresponding actual time and be able to evaluate the thermal property data using
equation (2.23).

Figure 2.17: Dimensionless variable plot showing the normalized temperature plotted
against dimensionless time from which the thermal property data can be
extracted.
A basic setup for measuring thermal property data using the flash method is shown in figure
(2.18).
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Figure 2.18: Schematic of a flash method setup with a flash lamp on one side of the sample
and a temperature sensor on the other side to measure the temperature rise.
Further extensions of the above method employ pulsed laser beams as a method of irradiation
of the sample, and also annular heating as a means of strengthening the measured signal.

2.4

Steady State Methods [24, 26, 43, 44]

Steady state methods as the name implies do not involve any transient thermal transport.
Therefore the equation (2.1) reduces to:

∇ 2T = −

Q
λ

(2.24)

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

€
∇ 2T = 0

€

(2.25)

Equations (2.24) and (2.25) form the basis for the steady state measurement techniques.
2.4.1 Insulated Plate

In the case of a hollow cylinder equation (2.25) reduces to (in cylindrical coordinates):
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d  dT 
r  = 0
dr  dr 

⇒r
€

€

(2.26)

dT
= constant
dr

(2.27)

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 F0 is assumed to flow, then:

⇒ F0 = −2πrλ

dT
dr

(2.28)

Integrating equation (2.28) and rearranging we get:

€

r 
F0 ln 2 
 r1 
λ=
2π (T1 − T2 )

(2.29)

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 (2.19)). The temperature is measured at two
points along the radius of the sample to give the thermal conductivity of the sample.
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Figure 2.19: The sample whose thermal conductivity is to be measured by the insulated
plate method is mounted on the ring shaped heater with a central heat sink.
This configuration establishes cylindrical symmetry.
2.4.2 Radiating Bar
A unique method for measuring the thermal conductivity involves the use of heat loss by
radiation as the primary mechanism for measurement. Consider equation (2.24) with the
volumetric heat loss through radiation (it is to be noted that the sample is in the form of a thin
plate):

λd

€

d 2T
= 2εσ (T 4 − Ts4 )
2
dx

(2.30)

ε: emissivity
σ: Stephan-Boltzmann constant
Ts: temperature of the surrounding
d: sample thickness
The solution for equation (2.30) is of the form
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 (T 4 − T 4 ) 
m
s
(cosh (kx ) − 1) + Tm
T =
3
 4Tm 

k=

€

(2.31)

8εσTm3
λd

Tm: temperature at x = 0 (origin at the center of the sample)

€

From the above equations the value of thermal conductivity is given by:

λ=

8εσTm3 x 2
2

 4T 3 T − T

(
m)
d arccos h m 4
+ 1
4

T
−
T


(
)
s
 m


(2.32)

The experimental implementation of this method involves the mounting of the sample on two

€

vertical posts which also serve to heat the sample. The observed temperature profile is fit
using the equation (2.32) to give the thermal conductivity. It is to be noted here that one of
the thermal wave techniques namely the 3ω technique and one of the steady state techniques,
the heated bar technique have not been discussed here as they form the subject of subsequent
chapters.
3.

Application of the 3ω Method for Measuring the Thermal Conductivity of
Diamond

3.1

Introduction

The “3ω method”, which is used for the measurement of the thermal conductivity of various
materials, is essentially a thermal wave method (cf. Chapter 2). Since this method is one of
the techniques used to measure the thermal properties of diamond in the current study both
the theoretical background and the experimental setup are described to a certain degree of
depth as opposed to the previous chapters wherein only a brief outline is provided.
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3.2

Theoretical Basis for the 3ω Method [26, 45, 46, 47, 48]

We begin once again with the basic conduction heat transfer equation in three dimensions,
given by equation (2.1).

λ 2
Q ∂T
∇ T+
=
ρc p
ρc p ∂t

(2.1)

Equation (2.1) when transformed into the cylindrical coordinates gives (with no volumetric

€

heat generation) equation (3.1) which represents conductive heat transfer in cylindrical
coordinates in general.
1 ∂  ∂ T  1  ∂ 2 T  ∂ 2 T 1 ∂T
=
r  + 
+
r ∂r  ∂r  r 2  ∂θ 2  ∂z 2 κ ∂t

€

(3.1)

where: r,θ,z: cylindrical coordinates

κ: thermal diffusivity
If we consider the special case when heat transfer is independent of the θ and z coordinates
(cylindrical geometry), equation (3.1) reduces to equation (3.3).
1 ∂  ∂ T  1 ∂T
r  =
r ∂r  ∂ r  κ ∂t

€

€

i.e.,

∂ 2T 1 ∂ T 1 ∂ T
+
=
∂ 2 r r ∂r κ ∂t

(3.2)

(3.3)

Equation (3.3) is realized in practice when heat flows through a cylinder wherein the initial
and boundary conditions are independent of θ and z, and the axis of the cylinder coincides
with the z axis (figure 3.1).
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Figure 3.1:

Figure shows conditions under which equation (3.3) is valid. Here the heat
flows radially in planes perpendicular to the z-axis

Once again we look for solutions of the form shown in equation (3.4).

T ( r,t ) = u( r) exp(iωt )

(3.4)

Substituting equation (3.4) into equation (3.3) we get the modified Bessel’s equation of order

€

0.
 ∂ 2 u  ∂u 2 iω
r  2 + r −r
u=0
∂r
κ
 ∂r 
2

(3.5)

Equation (3.5) has the general solution (equation (3.6)), consisting of the modified Bessel
€

function of the first kind of order 0 (equation (3.7)) and the modified Bessel function of the
second kind of order 0 (equation (3.8)).
 iω 
 iω 
u( r) = AI0 
r + BK0 
r
 κ 
 κ 

€

(3.6)
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∞

I0 ( x ) =

∑
m=0

€

x2m
2
2 2 m ( m!)

 x

K 0 ( x ) = − ln + γ  I0 ( x ) +
 2


(3.7)

∞

∑
m= 1

hm x 2 m
2
2 2 m ( m!)

 1 1
1
where h m = 1 + + + ... + 
 2 3
m
γ = Euler’s Constant = 0.0577K

(3.8)

Therefore, the temperature distribution for an infinite cylinder whose axis coincides with the
€

z- coordinate is given by equation (3.9) (cf. Equation (3.4)).
  iω 
 iω 
T ( r,t ) =  AI0 
r + BK0 
r exp(iωt)
 κ 
  κ 

€

(3.9)

Equation (3.9) shows that the resulting temperature distribution is oscillatory in time.
Turning our attention to the amplitude term, we find the following interesting properties of
the solution: I0(x) diverges for large values of x while K0(x) converges for large values of x,
as shown in figures (3.2) and (3.3) below.
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Figure 3.2:

Bessel function of the first kind and 0 order as a function of x; I0(x) diverges
with increasing values of x.

Figure 3.3:

Bessel function of the second kind and 0 order as a function of x; K0(x)
converges as x increases.
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Now let us consider a long infinitely thin conductor lying on a semi-infinite medium as
shown in the figure (3.4) (the axis of the conductor coincides with the z-axis)

Figure 3.4:

Schematic of an infinitely thin conductor lying on a semi-infinite substrate.
The z- axis of the conductor is normal to the plane of the page

The medium above the semi-infinite substrate is assumed to be non-conducting. If the
conductor is the source of heat, we may apply equation (3.9) and treat the heat source as a
boundary condition. For the above configuration, it can be seen that the solution for the
temperature distribution will diverge for very large r. Therefore in order to keep the solution
finite we set coefficient A in equation (3.9) equal to 0 giving equation (3.10), where B is the
constant which is to be determined from the boundary conditions.

 iω 
T ( r,t ) = BK 0 
r exp(iωt )
 κ 


€

A time varying current passing through the conductor at a frequency ω may be written as
shown in equation (3.11).
I = I0 exp(iωt)

€

(3.10)

(3.11)

This current will in turn produce a resistive heating giving rise to a heat flux at 2ω.
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Q = I02 exp(i2ωt )R0 .

(3.12)

The resulting temperature distribution (due to the heat flux Q) will oscillate at twice the

€

frequency of the applied current. Therefore, if we consider a current carrying conductor on
top of a semi-infinite medium, the temperature rise, from the foregoing discussion would be
given by equation (3.13).

 i2ω 
δT ( r,t ) =  BK0 
r exp(i2ωt )
 κ 


€

Now we exploit the heat flux boundary condition at the surface to evaluate the unknown
constant B in equation (3.13) as follows.

˜ = − λ ∂T
Q
∂r

€

€

(3.13)

 I 2 R  i2ω 
δT ( r,t ) =  0 K0 
r exp(i2ωt )
 lλπ  κ 
 P
 i2ω 
δT ( r,t ) =  0 K0 
r exp(i2ωt )
 lλπ  κ 

(3.14)

(3.15)

where : P0 : peak applied power
l : conductor length

λ : thermal conductivity of the semi - infinite slab
˜ : flux per unit length
Q
It can be shown that for small arguments, the modified Bessel function of the first kind of

€

order 0 and the modified Bessel function of the second kind of order 0 may be approximated
by equation (3.16).
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1 2
x
 x

K0 ( x ) = −ln + γ  I0 ( x ) + 4 2 + ...
 2 
(1!)
1 2
x
4
& I0 ( x ) = 1+
2 + ...
(1!)

(3.16)

where : γ : Euler’s constant

Using equation (3.16) in equation (3.15) we get the expression for the temperature rise

€

depending on the thermal properties of the material, the frequency, distance and time.

δT ( r,t ) =

P0  1  κ 
1
iπ 
 ln 2  + ln 2 − ln (2ω ) − γ −  exp(i2ωt )
lλπ  2  r 
2
4

(3.17)

From equation (3.17) it can be seen that the amplitude of the temperature oscillations are

€

frequency dependent and there is a constant component which is phase shifted by 90 degrees.
Equation (3.17) forms the basis for the 3ω method.
The next step would be to account for the existence of the finite width of the heater. This is
done by starting with equation (3.15) and simplifying it.
 P
 i2ω 
δT ( r,t ) =  0 K0 
r exp(i2ωt )
 lλπ  κ 

€

(3.15)

We neglect the temperature distribution along the y-axis and take the Fourier cosine
transform of the above equation. Also, since we are concerned only with the amplitude of the
temperature rise, we will drop the exponential time dependence term.
P
δT(k) = 0
lλπ

∞

∫
0

 i2ω 
K 0
x  cos(kx ) dx
 κ 

(3.18)

Equation (3.18) when evaluated gives the temperature rise in k space.
€
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δT ( k ) =

€

P0
1
2lλ  i2ω

+ k2

 κ


(3.19)

In order to account for the finite width of the heater, it is assumed that the heat generated by
the heater is uniformly distributed along its width and that there is no thermal resistance
between the heater and the underlying material. In other words, the heat is dissipated in the
form of a step function. Therefore, the Fourier transform of the step function is multiplied
with equation (3.19) to account for the finite heater width (the width being 2b).

δT ( k ) =

sin ( kb)
P0
1
2lλ  i2ω
 kb
+ k2

 κ


(3.20)

The average temperature rise in real coordinates is therefore given by:

€
P
δT ( x ) = 0
lλπ

€

∞

b

∫∫
0

P
⇒ δT( x) = 0
lλπ

0

∞

∫
0

cos( kx )
b

sin( kb)
dxdk
kb
 i2ω
2
+k 

 κ

1

1

sin 2 (kb)

 i2ω

+ k2

 κ


(kb)

2

dk

(3.21)

(3.22)

The above expression gives the one-dimensional temperature distribution similar to equation
€

(3.17) when the penetration depth is much larger than the heater half width.

κ
>> b ,
2ω

(3.23)

€

53

3.3

Experimental Implementation of the 3ω Method [45]

For the practical implementation of the above analysis, the phenomenon of resistive heating
in a thin film resistor along with its interaction with the generated temperature field is taken
advantage of. Consider a thin film resistor deposited on the surface of a thick (i.e., semiinfinite with respect to the thermal wave propagation) substrate. If a time varying voltage is
applied across the resistor, it results in the generation of a time varying current (equation
(3.11), real part).

I = I0 cos(ωt )

(3.24)

The corresponding heat generated would be given by:

€
Q = I02 R0 cos2 (ωt )

€

where R 0 is the resistance of the thin film resistor with no power applied. The heat flux in
turn would give rise to a temperature rise given by equation (3.26).

δT = T2 ω cos( 2ωt )

€

(3.26)

where T2ω is the amplitude of the temperature oscillations. We know that the resistance of
metallic resistor varies with temperature as given by equation (3.27).

R = R0 (1+ βT )

€

(3.25)

(3.27)

where β is the temperature coefficient of resistance. Therefore, the change in resistance due
to the thermal waves generated in equation (3.26) would be given by equation (3.28).
R = R0 (1+ βT2 ω cos( 2ωt )) .

(3.28)

This change in the resistance in turn influences the current flow through the resistor thereby
€

resulting in a change in the voltage measured across the resistor.
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V = IR = I0 cos(ωt ) R0 (1+ βT2 ω cos( 2ωt ))
= I0 R0 cos(ωt ) +

€

.
1
1
I0 R0 βT2 ω cos(ωt ) + I0 R0 βT2ω cos( 3ωt )
2
2

(3.29)

If we measure the voltage across the resistor and can 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 film resistor serves both as a source of heat and as means to
measure the amplitude of the temperature change. From equation (3.29), the amplitude of the
temperature rise as a function of the third harmonic component is given by equation (3.30).

δT2 ω =

€

2V3 ω
I0 R0 β

(3.30)

But we know from the earlier discussion with respect to the temperature distribution in a
semi-infinite solid that the amplitude of the temperature rise is given by equation (3.17).

δT2 ω (r) =

P0  1  κ  1
iπ 
 ln 2  − ln (ω ) − γ −  .
lλπ  2  r  2
4

(3.31)

Now if we differentiate equation (3.30) and equation (3.31) with respect to lnω and equate

€

them we can derive and expression for the thermal conductivity of the material.

δT2 ω
2δV3 ω
=
δ( ln ω ) I0 R0 βδ ( ln ω )

(3.32)

€

δT2 ω
P 1
=− 0
δ( ln ω )
lλπ 2

(3.33)

€

λ=−

P0 I0 R0β δ(ln ω )
4lπ δV3ω

(3.34)

€
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β may be evaluated as a function of the change in resistance with temperature using equation
(3.27).

β=

€

1 dR
R0 dT

If we now substitute for P 0 and β in equation (3.34) we get an expression for the thermal
conductivity of the material as a function of Vω,, V3ω and ω.

λ=−

€

(3.35)

V ω3

δ ( ln ω ) dR
4lπR δV3 ω dT
2
0

(3.36)

where Vω= I0R0. Equation (3.36) can be expressed in terms of the frequency ν as in equation
(3.37).

λ=−

Vν3 δ ( ln ν ) dR
4lπR02 δV3 ν dT

(3.37)

Equations (3.36) and (3.37) are the basis for measuring the thermal conductivity of the

€

substrate.
In practice, the heater on a semi-infinite medium is realized by means of thin film heaters.
Figure (3.5) shows a schematic of a typical substrate with thin film heaters fabricated on the
sample.
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Figure 3.5:

Diagram of a substrate with Au/Ti heaters deposited on the sample. The inset
shows the Au layer (yellow) deposited on a Ti adhesion layer (grey) (diagram
is not to scale).

The samples are typically of the size 1cm x 1cm. Three thin film resistors of differing lengths
(1mm, 2mm, 3mm) and constant width (10 µm) are employed for the thermal conductivity
measurements. The thin film resistors are fabricated using standard photolithographic
techniques with the gold layer (~ 2000 Å) deposited on a titanium layer (~ 100 Å). The
sample is then annealed at 200 °C for approximately 1 minute, under vacuum (~ 10-2 Torr). It
is found that the annealing helps in getting consistent values of the temperature coefficient of
resistance.
In order to establish that the deposited gold resistors are suitable to perform measurements
and also to get the resistance versus temperature characteristics, the sample with the
fabricated resistors is mounted on a copper plate by means of silver paste along with a
alumina package. The contact pads on the resistive heaters are connected to the ceramic
package with the help of thin gold wire (~ 25 µm). The ceramic package is connected to the
“outside world” by means of gold probes. The whole assembly (sample + ceramic package +
Au probes) is mounted onto a thermoelectric heater as shown in the figure (3.6).
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Figure 3.6:

Figure shows a thermoelectric cooler along with an assembly with Au probes
to facilitate connection to the sample via Au wires bonded to a ceramic
package.

The entire setup shown above in turn is placed inside a vacuum chamber fitted with a
mechanical pump. The chamber has the required electrical and fluid feedthroughs to facilitate
electrical connections and water supply required for the cooling of the thermoelectric cooler.
The thermoelectric cooler is used to measure the resistance vs. temperature characteristics of
the heater. This is done by heating the thermoelectric cooler using a dc power supply and
measuring the resistance of the thin film heater as the temperature changes using a digital
multimeter. The temperature of the sample is recorded by pasting a K-type thermocouple on
the sample but not in contact with the heater for which the temperature characteristics are
being measured. From the measured temperature profile the value of the temperature
coefficient of resistance is obtained using equation (3.35).
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Once the temperature coefficient of resistance is evaluated, the sample is ready for the
measurement of thermal conductivity. Figure (3.7) below shows the schematic of the
measurement circuit.

Figure 3.7:

Schematic of the measurement circuit used for the 3ω method.

A lock in amplifier (Stanford Research Systems SR 830) is used as the signal source at
frequency ω. The signal is applied across the 10-turn potentiometer connected in series with
the thin film heater. The differential output is fed to the lock-in amplifier to extract V3ω. For a
particular measurement, the potentiometer is adjusted such that the differential voltage at ω is
as small as possible. It has to be noted that appropriate precautions (use of shielded wire,
enclosing the measurement circuit in a box) are taken to minimize noise. Subtraction of the ω
voltage enables us to measure the 3ω voltage and hence evaluate the temperature rise. The
figures below show the results for fused silica and diamond.
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Figure 3.8:

Plot of resistance change versus temperature for a 1mm long heater on a fused
silica sample.

The measured value of the temperature coefficient of resistance and that of the thermal
conductivity of fused silica (figure 3.9) correspond well with those reported in literature [45].
The value of the thermal conductivity quoted in [45] being 0.014 W/cmK.
The measurements on the diamond substrate are performed on a 1 mm thick, polycrystalline
substrate procured form Diamonex, Inc. Here again the literature value of thermal
conductivity corresponds well with the measured value [49].
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Figure 3.9:

Plot of the temperature rise versus frequency for a fused silica sample with a
1mm long resistor, along with the measured value of the thermal conductivity

Figure 3.10: Measurement of the temperature coefficient of resistance for a 2mm long
heater on a diamond sample (1mm thick)
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Figure 3.11: Temperature rise data for a 1 mm thick diamond sample with a 2 mm long
heater
The table below shows the measured values for other materials along with the literature
values.
Table 3.1:

Results of 3ω Thermal Conductivity Measurements

Material

LiteratureValue
[W/cmK] [50,51]

Silica

0.016

0.014

Magnesium Oxide

0.56

0.51

Sapphire

0.37

0.35

Silicon Carbide

2.5

3.0

Diamond

*

Thermal Conductivity
[W/cmK]

20.1

>10.0* (~20†)

Specification given by Diamonex; †Value quoted in literature
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3.4

Limitations of the 3ω method [52,53]

For the case of a thin film deposited on a substrate, the 3ω method has certain limitations as
discussed briefly below.
If we consider a thin film which is a poor thermal conductor, deposited on a substrate with
high thermal conductivity, then the heat transport through the film can be assumed to be onedimensional. Therefore the temperature drop through the film is given by equation (3.38).

δTf =

P0 t
2bl λ

(3.38)

The measured temperature rise is given by equation (3.39).

€

δTm = δTf + δTs

(3.39)

If the thermal conductivity of the substrate is known (by doing a measurement on a bare

€

substrate) then the film thermal conductivity can be extracted by subtracting the substrate
temperature profile from the measured temperature profile.
In the case of diamond, however we are interested in doing a measurement of a diamond film
deposited on top of a silicon substrate. Here the thermal conductivity of the substrate is
significantly lower than that of the film deposited on it and therefore the assumption of one
dimensional heat transport through the film loses its validity. An additional factor that has to
be borne in mind with regard to polycrystalline diamond films is that the thermal
conductivity is anisotropic, with the cross plane thermal conductivity being higher than that
of the in-plane thermal conductivity. Therefore, the measured system becomes in effect two
dimensional in nature, and the analysis more complicated.
In order to place the limitations of the 3ω method in the correct context it will be helpful to
discuss the case of heat diffusion through a multilayered structure.
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3.4.1

Heat Conduction Through a Multilayered Material [53, 54,55]

We begin with the solution of the temperature amplitude at the bottom of medium 0 in a
multilayered system with N+2 media (Appendix B, the term u(x) refers to: T(x,t) = u(x)
exp(iωt)).

B + + B− )
(
Q
u (0 ) =
2α j ( A + B− − A− B + )
+
0

(B.33)

In order to evaluate the constants B+, B—, A+ and A—, we first start with any one of the

€

equations (B.26), (B.27), (B.29) and (B.30). For example, we can start with equation (B.29).
u +j ( x ′ + ) = B + uN+ +1 ( x N +1 )

€

⇒ B+ =

u +j ( x ′ + )
uN+ +1 ( x N +1 )

(B.29)

(3.40)

The numerator in equation (3.40) can be written in terms of the denominator by making use
€

€

of equations (B.12) and (B.16).

0
B = D j ( x ′ − L j ) × φ j, j +1 × D j +1 (−L j +1 ) × φ j +1, j +2 ×K × DN (−LN ) × φ N , N +1 ×  
1

(3.41)

1 
A = D j ( x ′) × φ j, j−1 × D j−1 ( L j−1 ) × φ j−1, j−2 ×K × D1 ( L1 ) × φ 1,0 ×  
0 

(3.42)

We now consider the case of a two layer medium surrounded by non-conducting media. We

€

define medium 0 and medium 3 to be non-conducting, with medium 1 being a thin film and
medium 2 being the substrate as illustrated in figure (3.12). The source of heat is assumed to
be in medium 1 infinitesimally close to the boundary between medium 1 and 0.
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Figure 3.12: Schematic of a thin film on a substrate with the heat input close to the surface
of the medium 1.
For the two layered medium, the matrices A and B can be evaluated using equations (3.41)
and (3.42) resulting in equations (3.44) and (3.46).

1 
A = D1 (0 ) × φ 1,0 ×  
0 

€

⇒A=

1  (α 1 + α 0 )

2α 1  (α 1 − α 0 )

(3.43)

(α 1 − α0 ) 1 
 × 
(α 1 + α0 ) 0 

 A +  1  1
∴A =  −  =  
 A  2  1

€

€

€

(3.44)

(Q α0 = 0 )

0
B = D1 (−L1 ) × φ 1, 2 × D2 (−L2 ) × φ 2, 3 ×  
1

(3.45)

exp(—p1L1 )
0 
(α 1 − α 2 )
1  (α 1 + α 2 )
 ×


⇒ B = 
exp(—p1L1 ) 2α 1  (α 1 − α 2 )
(α 1 + α 2 )
0
exp(—p 2 L2 )
0 
(α 2 − α 3 ) 0 
1  (α 2 + α 3 )
 ×

 × 
× 
exp(—p 2 L2 ) 2α 2  (α 2 − α 3 )
(α 2 + α 3 ) 1 
0
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B+ 
1 {(α 1 + α 2 )exp(—p2 L2 ) + (α 1 − α 2 )exp( p2 L2 )} exp(−p1 L1 )
∴B =  −  =
 B  4α 1 {(α 1 − α 2 )exp(—p2 L2 ) + (α 1 + α 2 )exp( p2 L2 )} exp( p1 L1 ) 

(3.46)

(Q α 3 = 0 )

€

Therefore the temperature at the surface of the film will be given by substituting equations
(3.44) and (3.46) in equation (B.33).

B + + B− )
(
Q
u (0 ) =
2α 1 ( A + B− − A− B + )
+
1

(3.47)

In the case of the 3ω method for a film on a substrate thermal conductivity measurement, the

€

foregoing analysis may be directly applied because the system is essentially one-dimensional
(as we neglect contributions from the y-coordinate). Therefore, in order to account for the
effect of a thin film on a substrate we take the Fourier transform of equation (3.47) and
multiply it with the Fourier transform of the step function (to account for the finite heater
width) and then take the inverse transform (averaged over the heater width as discussed
before) to get equation (3.48).

P
δT = 0
πl

€

∞

∫
0

 sin 2 ( kb)
B + ( k ) + B− ( k )
1 
dk


2ψ 1  A + (k ) B− (k ) − A− ( k ) + B + ( k )  ( kb) 2

ψ 1 = λ1 k 2 +

(3.48)

i2ω
κ1

B ± ( k ),A ± ( k ) : Fourier transforms of B ± andA ±

€

The above discussion involves the simple case of layers with isotropic thermal properties. If
the thermal conductivity is anisotropic an analysis carried out along the lines described above
would result in a solution as shown in equation (3.49).
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−P0
δT =
πlλxj

∞

∫
0

2
1 sin (bk )
dk
A j B j b2 k 2

λx, j B j
tanh ( B j−1 L j−1 )
λx, i− 1 Bi− 1
where : A j-1 =
λx, j B j
1− A j
tanh ( B j−1 L j−1 )
λx, j−1 B j−1
Aj

(3.49)


λy
i2ω 
Bi =  λxy, i k 2 +
 and λxy =
κ x, i 
λx

Here, the subscripts x, y and j correspond to the x-coordinate, the y-coordinate and the jth

€

layer respectively (starting from the top). Now if we recall the expression for the semiinfinite substrate (equation (3.17) amplitude term) and the take the derivative of the
temperature rise with lnω we get a value of 0.5.

δT ( r ) =

P0  1  κ  1
iπ 
 ln 2  − ln (ω ) − γ − 
lλπ  2  r  2
4

d (δT )
d( ln (ω ))
⇒
= 0.5
 P 
−

 lλπ 

.

(3.50)

Therefore from equation (3.50) we find that the assumption of one-dimensional heat transfer
€

leads to a “normalized slope” of 0.5. It follows that the extent of deviation from the 1D
assumption can be gauged by making a similar calculation for equation (3.49) (with finite
substrate thickness) resulting in equation (3.51).
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d (δT )
d ln ω
P0
πlλx λxy
∞

= 0.5

∫
0


 2
z2
4Bsβ s
 1+
 sin k dk
2
3

Bs tanh ( Bsβ s )  (exp( Bsβ s ) + exp(−Bsβ s )) tanh ( Bsβ s )  k 2

where : z = b

(3.51)

2ω
L
; β s = λxy ;L = substrate thickness; Bs = k 2 + z 2
κλxy
b

The quantity z involves the thermal penetration depth, the heater half width and the effect of
€

the substrate anisotropy. The quantity βs as can be seen from the above is an expression for
the ratio of the substrate thickness and heater half-width. Figure (3.13) below is a plot of the
normalized slope versus z for different values of βs.

Figure 3.13: Plot of the normalized slope versus the dimensionless parameter z for different
values of βs. The flat line at 0.5 value on the y-axis refers to the semi-infinite
substrate case (reproduced from [55]).
In the figure above, the case of the semi-infinite substrate is given by βs  ∞, i.e. large ratios
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of substrate thickness to heater half-width. As we move away from the semi-infinite case to
that of the finite size substrate (lower βs), we see that there is a significant deviation from the
1D normalized slope value of 0.5. For the case of a finite size polycrystalline diamond
substrate, this may be illustrated by assuming the following parameters:
L = 100 µm; λ = 10 W/cmK; C = 1.895 J/cm3K (Volumetric Specific Heat)
λ
⇒ κ = = 5.3 cm2 / s
C

€

ω = 62831.9 s-1 ; λxy = 0.5; b = 5 ×10−4 cm
⇒ z=b

2ω
= 0.1
κλxy

& β s = λxy

L
= 14.1
b

As can be seen from the above figure, there will be a large relative error. A better estimate of
€

the error is given by considering the figure (3.14), which plots the normalized slope versus
the ratio of the substrate thickness and the penetration depth for different values of βs
Based on the above parameters the ratio of the substrate thickness and the penetration depth
is approximately 2 giving a relative error in excess of 15 %. This error would further increase
for thinner films making the measurement technique unsuitable. Therefore it is imperative
that an alternative method be employed for the thermal conductivity measurement of
diamond films of the order of ~ 100 µm, which forms the subject of the following chapter.
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Figure 3.14: Plot of the normalized slope versus the ratio of the sample thickness to
penetration depth for different βs values (reproduced from [55])
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4

Measurement of Thermal Conductivity of Diamond Films by the Heated Bar
Technique

4.1

The Heated Bar Method

As discussed in chapter 3, since the 3ω method is not suitable for the measurement of
thermal conductivity of thin diamond films, an alternative method known as the heated bar
technique, is employed. As discussed in chapter 2, there exists a wide spectrum of techniques
to extract the thermal conductivity of a given material. The reason for choosing the heated
bar technique is that recent studies have shown that the heated bar technique is the most
reliable of all the measurement methods for high conductivity films [56].
The method is based on the one dimensional steady state heat transfer through the sample.
The expression for the Fourier’s first law of heat conduction, in one dimension is given by
equation (4.1).

Q
dT
= −λ
A
dx

€

(4.1)

where Q is the heat flux, A is the area of cross-section, λ is the thermal conductivity.
The heated bar technique exploits equation (4.1) to extract the thermal conductivity of the
substrate material. For a given material, if a known quantity of heat is supplied into it, and if
care is taken such that heat is transported only in a single direction, then by measuring the
temperature gradient and the cross sectional area of the specimen it is possible to directly
extract the thermal conductivity of the sample. The attractive feature of this method is that
the measurement yields the thermal conductivity directly.
However, in order to ensure that the heat transport through the sample is one-dimensional, it
is necessary that the film be free-standing i.e., this method is not conducive to film on a
substrate measurements.
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4.1.1

Implementation of the Heated Bar Method

The practical implementation of the method would therefore involve: the application of a
known quantity of heat flux to the sample, taking the appropriate precautions to ensure that
the heat is transported predominantly by conduction through the sample, and the
measurement of the temperature gradient. The application of heat to the sample and the
measurement of the temperature gradient are done by means of a thin film heater and
thermocouple assembly. Figure (4.1) below shows a diagram of Au-Pt thin film
thermocouples deposited on a substrate along with thin film heaters.

Figure 4.1:

Diagram of Au-Pt thermocouples and heaters deposited on a sample. The
heaters and thermocouples are made using photolithographic techniques.

The rationale behind using a thin film heater and thermocouples may be justified by a
number of reasons [57]:
•

Thin film thermocouples have a small thermal mass and therefore they result in lower
losses and faster response times;

•

Since photolithography is used to define the positions of the thermocouples, the
position is defined precisely and therefore it results in accurate measurement of the
temperature gradient;
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•

Since the size of the thermocouple is small, it facilitates placement of the
thermocouples within a small area with ease;

•

The use of a thin film heater ensures that all the heat that is generated is fed directly
into the sample, as opposed to bulk heaters which have to be attached to the sample.

Thin film thermocouple elements may be made of metallic alloys or by means of pure metals.
Pure metals are preferred to alloy elements due to the following reasons [58, 59]:
•

It is difficult to control the alloy composition during evaporation of the metal (which
is the method employed in the current study);

•

Inhomogenieties in alloy composition would result in the thermocouples being not
thermoelectrically homogeneous;

•

Variation in alloy composition would result in poor reproducibility.

Figure 4.2:

Plot of the relative Seebeck coefficient (cf equation (4.11)) of combinations of
the noble metal thermocouple elements [60].

Therefore, pure metal thermocouple elements are preferred over alloys. Among the pure
metal thermocouple elements, the noble metals (gold, silver, ruthenium, osmium, rhodium,
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iridium, palladium and platinum) are the best in terms of accuracy and reproducibility.
Of all the noble metal combinations the gold platinum thermocouple is found to be the most
accurate and homogeneous. For these reasons, along with the fact that these metals do not
oxidize over time, the gold platinum thin film thermocouples are used to measure the
temperature gradient along the sample (cf. figure (4.2)).
The diamond film whose thermal conductivity is to be measured is made free standing by
etching away the silicon substrate using a 30% (by weight) potassium hydroxide solution in
water heated to ~70ºC. The sample is then subjected to oxygen plasma etching (~ 9 mins, 600
mTorr , 80 sccm, 300 W) to remove any surface contamination. A titanium adhesion layer is
deposited on the sample (~100 Å) followed by platinum (~2000 Å) metal deposition. The
metal is then patterned using a photoresist image reversal process (using Shipley 1813 +
Imidazole) and etched using a solution of 6:3:1 (by volume) of H2O:HCl:HNO3 at 70ºC. A
gold film is then deposited on the sample (~2000 Å thick) which after patterning is etched
using a KI and I2 solution.

Figure 4.3:

Custom made sample holder to facilitate mounting and attachment of very
fine (~25 µm) Au and Pt wires to the thin film thermocouples; a copper finger
is provided to attach the entire setup to a heat sink.
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Once the thin film thermocouples and heater are fabricated, the sample is then mounted on a
specially designed holder (figure 4.3), by means of silver paste, which facilitates easy
connection to the “outside world”.
Figure 4.3 shows a garolite block (low thermal conductivity) attached to a copper finger by
means of thermally non-conducting rods. Grooves are cut into the garolite block to enable
arrangement of gold and platinum wires. Sufficient space is given to ensure that the sample is
well separated from the garolite block and is at convenient height to facilitate wire bonding
using gold and platinum wires. The sample is mounted on the copper finger with the part
containing the thin film heaters and thermocouples projecting out to the slot provided in the
garolite piece. The thermocouples are connected to the wires laid in the slots by means of
thin (~25 µm thick) gold and platinum wires. The copper finger with the attached assembly is
then placed on a water cooled copper block to ensure a stable heat sink. The wires in the slots
are in turn connected as shown in figure (4.4) to complete the thermocouple circuit.

Figure 4.4:

Diagram showing the thermocouple circuit used to measure the thermal
voltage generated by the thermocouples. A thermoelectric cooler is used as the
reference junction.
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The entire assembly is placed inside an aluminum box and the box is connected to the same
ground as those of the thermocouples. The box serves another useful purpose: since the
volume of air inside the box is essentially isolated from the surroundings, the sample is not
subjected to any drafts which may disturb the measurement. This is essential since it is
known that the convective heat transfer coefficient may vary by as much as six orders of
magnitude depending on the ambient conditions [61].
4.1.2

Estimate of Convective and Radiative Heat Transfer Losses

In order to get a better picture of the measured data, it is useful to calculate the losses
involved in the thermal conductivity measurements. The expression for heat flux due to
convective heat transfer is given by equation (4.2) below.

Q = h(T − T∞ )

(4.2)

where : h: convective heat transfer coefficient

€
T∞: ambient temperature.
For the case of convective heat transfer during steady state heat conduction, equation (4.2)
may be written as [35]:

Q = 0.21(T − T∞ ) x 10-3 W/cm2 .

(4.3).

In a typical measurement, the maximum temperature difference is 1-3ºC. Therefore the

€

convective heat transfer losses will be of the order of 0.6 x 10-3 W/cm2, which is negligible.
The expression for radiative heat transfer is given by:
Q = εσ (T 4 − T 4 ∞ )

€

(4.4).

where: ε: emissivity

σ: Stephan-Boltzmann Constant = 5.7 x10-12 W/cm2K.
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Assuming ε = 1 (for maximum losses), T =296K and, T∞ = 293 K, the maximum heat loss
due to radiation would be of the order of 2 x 10-3 W/cm-2, which again is negligible.
Therefore the assumption of one-dimensional heat transfer due to conduction is justified.
4.2

Thermal Voltage Generation and the Equivalent Thermocouple Circuit [62]

For any homogeneous metal wire of a given length maintained at two different temperatures
at the ends, there exists a potential difference within the wire which is known as the absolute
Seebeck EMF (electromotive force). The Seebeck EMF is a function of the temperature
difference and therefore we may define a quantity known as the absolute Seebeck Coefficient
given by equation (4.5).

σ (T ) =

€

dEσ
dT

(4.5)

where: σ(T) : absolute Seebeck Coefficient
Eσ: Seebeck potential difference.

Figure 4.5:

Combination of two different metal segments made of (a) same material (Pt)
(b) different material (Pt/Au). The ends are maintained at different
temperatures T1 and T2.
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Therefore, the absolute Seebeck potential difference is given by:s
T2

Eσ =

∫ σ (T )dT .

(4.6)

T1

This has important consequences as illustrated below. Figure (4.5) above shows two different
€

combinations of metals attached at one end. The attached end and the free end are kept at
different temperatures.
The resulting potential difference measured across the two segments can be evaluated using
equation (4.6) giving the following results for similar segments:
T2

E=

∫σ

T1
Pt

T1

T2

T2

(T )dT + ∫ σ Pt (T )dT = ∫ σ Pt (T )dT − ∫ σ Pt (T )dT = 0
T2

T1

(4.7)

T1

and dissimilar segments:
€
T2

E=

∫σ

T1

€

T1
Pt

(T )dT + ∫ σ Au (T )dT ,

(4.8)

T2

where: σAu: absolute Seebeck coefficient for Au

σPt: absolute Seebeck coefficient for Pt.
As can be seen from equation (4.7) for a junction with similar material segments, the
absolute Seebeck coefficient in both branches is the same and it results in the canceling out
of the generated Seebeck (or the thermal) voltage. This is not the case for the two dissimilar
segments (equation (4.8)) whereby a resultant thermal voltage is seen across the junction.
For the case of a thermocouple on the sample using the thermocouple circuit discussed
earlier, the overall (equivalent) thermocouple circuit may be represented schematically as
shown in figure (4.6) below. Referring to figure (4.6), the potential drop measured across the
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terminals A and B is given by the following equations (4.9) to (4.11) below:
TA

E AB =

TA

∫σ

Con

TA

∫σ

Cu

TA

TA

TA

Ts

TR

TA

TA

⇒ E AB =

(4.9)

TA

(T )dT + ∫ σ Pt (T )dT + ∫ σ Au (T )dT + ∫ σ Cu (T )dT + ∫ σ Con (T )dT
TA

Ts

€

TA

(T )dT + ∫ σ Cu (T )dT + ∫ σ Au (T )dT + ∫ σ Pt (T )dT

TA

+

Ts

TR

TA

TA

TA

∫ (σ

Au

(T ) − σ Pt (T ))dT +

TA

∫ (σ

Au

(T ) − σ Pt (T ))dT

(4.10)

TR

Ts

€

∴ E AB =

∫ (σ

Au

(T ) − σ Pt (T ))dT

(4.11)

TR

€

where: σCon: absolute Seebeck coefficient for the shielded conductor;

σCu: absolute Seebeck coefficient for the Cu plate;
EAB: potential drop across the terminals A and B.
Therefore, as long as the temperature of the reference junction (TR) is different from that of
the sample temperature and is held at a constant value, it is possible to calibrate the thermal
voltage generated across the terminals A and B as a function of the temperature difference
between the sample and the reference junction (δT = TR–Ts). It is to be noted here that the
thermal voltage generated across the terminals A and B is measured using a Keithley Model
2000 Digital Multimeter with a scanner card (to enable quick sequential measurements).
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Figure 4.6:

4.3

Equivalent thermocouple circuit for the experimental setup shown in figure
(4.4). Here TA,TR and Ts refer to the ambient temperature, the temperature of
the reference junction and the temperature on the sample respectively.

Rationale Behind Thermal Conductivity Measurements

Prior to the discussion of the measurements done on diamond thin films, we discuss in brief,
the central reasons behind the structure of experiments carried out and their results presented
in the following pages.
4.3.1

Structure of Diamond Thin Films

Figure (4.7) shows the cross sectional SEM micrographs of the top and bottom areas of a
typical CVD diamond thin film. It can be seen from figure (4.7) that the grain size is not
entirely uniform. The bottom surface has smaller grains as compared to the top surface. This
peculiarity in grain structure is a consequence of the growth process.
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(a)

(b)
Figure 4.7:

Cross sectional view of a typical CVD diamond film at (a) the bottom surface
and (b) the top surface. The apparent difference in grain size is evident.

To illustrate this morphological peculiarity, we consider figure (4.8(a)), which is a schematic
of the cross section of a typical CVD diamond specimen. Figure (4.8(a)) is not to scale and
exaggerates the grain size for clarity. The development of the columnar morphology may be
explained by referring to figure (4.8 (b)).
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(a)

(b)
Figure 4.8:

(a) Schematic of competitive growth between grains of different orientation
(b) Schematic of two different grains with their growth axis at varying angles
to the substrate normal.

Figure (4.8(b)) shows two grains (labeled a and b) with the growth axis at different angles to
the substrate normal (θ and φ respectively). Let V a and Vb be the vectors denoting the
velocities of growth of the two different grains along the growth axis. Then the component of
the velocity for each of the grains along the substrate normal would be given by equations
(4.12) and (4.13).

r
v a = Va . n = Va cos(θ )

€

(4.12)
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r
v b = Vb . n = Vb cos(φ )

(4.13)

r
where: n : unit normal vector to the plane of the substrate

€
But from figure (4.8) we see that θ < φ, and since 0º ≤θ ≤ 90º and 0º ≤φ ≤ 90º this means that

€ v > v . Therefore the growth rate of grain a exceeds that of the grain b, resulting in grain a
a
b
outgrowing grain b. Or in other words, grain b will grow slower in the normal direction
eventually impinging on another grain whose growth axis is closer to the substrate normal
than itself and hence has a higher normal component of the growth rate. It is for this reason
that we do not find any grains growing in the direction parallel to the substrate surface.
Eventually given sufficient growth time (viz., for higher film thicknesses) only grains with
their growth axes closest to the substrate normal will succeed in growing. This phenomenon
is also known as competitive growth of grains. The grain competition eventually gives rise to
the columnar structure shown in the previous figures. One consequence of the columnar
growth of grains is that for films of sufficient thickness, all films irrespective of the growth
method employed grown on a substrate with the same orientation, will have a fiber texture
(assuming the absence of other crystalline defects such as twins or voids which may arise
depending upon the growth conditions and the method employed).
In the case of Highly Oriented Diamond (HOD) films grown on Si, the films are (100) sheet
textured, wherein not only are the grain axes close to the [100] direction, but the in plane
twist is minimal giving rise to low angle grain boundaries.
4.3.2

Thermal Conductivity Anisotropy

Another factor which is to be borne in mind with respect to diamond thin film thermal
conductivity measurements is the anisotropy of the thermal conductivity value, with the inplane thermal conductivity being lower than the cross plane thermal conductivity by as much
as a factor of 2. This is especially the case for diamond films in the range of 30 µm to 100
µm [56,63].
From the above discussion, we may conclude that by comparing the thermal conductivity of
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HOD films, with films which are not completely “oriented”, we will get a reasonable
estimate of the thermal conductivity of the HOD films vis-à-vis other growth processes. This
comparison should however be weighed with other factors which determine the quality of the
films such as defects and the presence of impurities. For instance, it is found that diamond
films which are clear optically are found to have superior thermal conductivity values as
compared to films which are opaque [56]. Further, since the thermal conductivity is
anisotropic especially for thin diamond films, measurement of thermal conductivity as a
function of thickness would yield valuable data as to the regime in which it plays a dominant
role.
Previous calculations in the current document (cf. Chapter 1) yielded a mean free path for
phonons of less than 1 µm. From the above discussion, we see that in the case of HOD films,
because the films are (100) sheet textured, it results in the formation of low angle grain
boundaries, which is not the case for the samples with fiber texture. Even though the phonon
mean free path is smaller than the grain size shown above, they will be refracted by the low
angle grain boundaries in HOD films (as opposed to being scattered in the case of films with
fiber) which would result in their superior thermal properties [63, 64] as compared to fiber
textured films of the same thickness.
4.4

Results of Experiments

4.4.1

Study on the Effect of the Nucleation Layer on the Measured Thermal
Conductivity of Diamond Films

Figure (4.9) below shows a SEM micrograph of the cross section of a typical nucleation layer
in a diamond film. The nuclei have no preferred orientation as competitive growth is yet to
exert its effect resulting in the preferential growth of grains. The extent of the nucleation
layer can be said to be approximately 1 µm to 3 µm. Since the grain size here is small, the
local thermal conductivity is found to be low. However, to the best of the author’s
knowledge, previous studies have relied on different samples of differing thickness to extract
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the local thermal conductivity of the sample by interpolation [65].
Since the diamond thermal conductivity is a sensitive function of the film properties, which
in turn depend on the growth parameters, there is a need to study the effect of local thermal
conductivity changes on the same sample. Therefore, it is of significant interest to measure
the effect of the nucleation layer on the overall thermal conductivity of a diamond film.
For the purpose of studying the effect of the nucleation layer on the thermal conductivity of
the diamond film, thin film heaters and thermocouples are deposited on the nucleation side of
a 160 µm thick HOD sample using the sample preparation procedure detailed earlier.

Figure 4.9:

Cross sectional SEM micrograph of a typical nucleation layer of a diamond
sample. The extent of the nucleation layer is about 1−3µm.

The nucleation side is chosen because the heated bar method measures the average thermal
conductivity of a material. The side on which the thin film heaters and thermocouples are
deposited should therefore not have a significant effect on the measured thermal
conductivity. Figure (4.10) below shows the SEM micrograph of the nucleation side (front
view).
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Figure 4.10: SEM micrograph of the nucleation side of a 160 µm thick HOD sample. As
can be seen from the figure the surface of the sample is smooth.
Figures (4.11) and (4.12) show the calibration curves and the results of the thermal
conductivity measurement. The resolution of the thermocouples is ~ 7 µV/K which compares
well with the data quoted in literature [58].

Figure 4.11: Results for the calibration of the thermocouples on a 160 µm thick diamond
film with the heater and thermocouples fabricated on the nucleation side.
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Figure 4.12: Measured value of the thermal conductivity for a 160 µm thick diamond film
with the heater and thermocouples fabricated on the nucleation side.
Since the nucleation layer thickness is of the order of 1-3 µm, in order to effectively remove
the nucleation layer, 10 µm of the diamond film is etched away. For this purpose Reactive
Ion Etching (RIE) is employed. Reactive Ion Etching is a plasma etching process which
utilizes both the physical ion bombardment (sputtering) and chemical etching due to reactive
neutral radicals to etch the material (figure (4.13)) [66,67].
RIE is performed on the sample using Ar/O2 plasma (12 sccm/28 sccm, 200W, 370V, 5x 10-2
Torr) giving an etch rate of approximately 1 µm/hr, which is comparable to but slightly lower
than the values quoted in literature [68].
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Figure 4.13: (a) Chemical component of the etch process due to neutral species involving
the adsorption of the reactant on the film, reaction of the adsorbate with the
film and removal of the product (b) physical removal of the film due to ion
bombardment
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Figure 4.14: Calibration curves for thermocouples deposited on 160 µm thick diamond
film after etching away 10 µm on the nucleation side.

Figure 4.15: Results of thin film thermocouple measurements on a 160 µm thick diamond
film after etching away 10 µm on the nucleation side.
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The results of the thermal conductivity measurements are presented in figure (4.14) and
(4.15) above. As can be seen from the above figures, the nucleation layer does not
significantly affect the measured value of the thermal conductivity. Therefore we may
conclude that most of the contribution to the measured value of the thermal conductivity
comes from the material on the growth side, with the nucleation layer contributing little to
the lateral thermal resistance of the material.
4.4.2

Thermal Conductivity Measurements as a Function of Morphology and
Thickness

Based on the reasoning discussed in section (4.3), thermal conductivity measurements are
performed on diamond samples as a function of morphology and thickness. Figure (4.16)
below shows an optical micrograph of a 125 µm thick Highly Oriented Diamond (HOD)
film.

Figure 4.16: Optical micrograph of a 125 µm Highly Oriented Diamond (HOD) film. The
film is (100) textured and is of sufficient thickness such that the individual
facets are not clearly visible.
Thermal conductivity measurements are conducted using three thermocouples on the above
sample. The results of thermocouple calibration and thermal conductivity measurements are
shown in figure (4.17) and (4.18) below. The measured value of the thermal conductivity is
12.9 W/cmK.
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Figure 4.17: Results of thermocouple calibration on three different thermocouples on a 125
µm thick HOD film.

Figure 4.18: Plot of the thermal voltage generated at the three thermocouples along the
length of the sample. The measured value of the thermal conductivity is 12.9
W/cmK.
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Figure 4.19: Optical micrograph of a 125 µm thick diamond with [100] fiber texture. The
(100) facets are clearly visible here.
Figure (4.19) above shows an optical micrograph of a 125 µm thick diamond film with [100]
fiber texture. The (100) facets are clearly visible, but the regions between the facets are in the
form of “grooves” with a depth of about 1 µm. This can be seen in the following SEM
micrographs of another sample with similar morphology, but which is deliberately broken to
observe the sample cross section.
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(a)

(b)
Figure 4.20: SEM micrographs of a diamond film showing “grooves” of the order of a few
micrometers.
For the 125 µm fiber textured film the thermal conductivity measurements yielded the
following results(figure (4.21) and figure (4.22)). The measured value of the thermal
conductivity is 5.8 W/cmK.
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Figure 4.21: Calibration of thermocouples on a 125 µm thick diamond film with [100]
fiber texture.

Figure 4.22: Results of thermal conductivity measurements on a 125 µm thick diamond
film with [100] fiber texture. The measured value of thermal conductivity is
5.8 W/cmK.
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In order to confirm that the measurements above are indeed performed on sheet textured and
fiber textured samples, texture analysis is performed on the above samples using a Bruker
AXS General Area Diffraction system with Cu Kα radiation. The {111} pole figures
generated are presented in figure (4.23) below for the case of the HOD sample and figure
(4.24) for the case of the fiber textured sample.
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(a)

(b)
Figure 4.23: (a) {111} Pole figure plot of 125 µm thick HOD sample. (b) {111} Pole
figure log plot. The tilt of the grains is approximately 5º while the in plane
twist corresponds to approximately 8º.
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(a)

(b)
Figure 4.24: (a) {111} Pole figure plot of 125 µm thick sample with λ = 5.8 W/cmK, the
fiber texture of the sample is evident. (b) {111} Pole figure log plot of the
same sample. The plot shows the presence of twins.
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The {111} pole figure plots in figure (4.23) confirm the sheet texture of the HOD films. The
tilt of the grains is approximately 5ºwhile the in-plane twist is about 8º. Likewise, figure
(4.24) confirms the fiber texture of the sample whose measured value of thermal conductivity
is 5.8 W/cmK. Further, the diamond films are found to be of high quality as the visible
Raman spectra clearly shows a peak at 1332 cm-1 (figure 4.25) which is associated with
diamond, for a HOD sample on Si (film thickness ~125 µm). Since the films used in the
above study all followed roughly the same process parameter space, it is reasonable to
conclude that there is no significant graphitic component in the films.

Figure 4.25: Raman spectra for a HOD sample (~125 µm thick) on Si. There is no evidence
of graphitic carbon in the film.
The results of thermal conductivity measurement on diamond samples as a function of
thickness and morphology are presented in the table 4.1 below, where the data is classified
according to the sample morphology and thickness (with the sample numbering given in
brackets) along with the approximate grain size. The data marked with an asterisk correspond
to samples which are not completely HOD. In other words these samples have significant
areas where the sample has random in-plane orientation. From the data we can see there is a
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significant difference in thermal conductivity between samples of different morphology.
Table 4.1:

Thickness

Thermal Conductivity Measurements on Diamond Films as a Function of
Morphology and Thickness Along with the Corresponding Grain Size

HOD
(W/cmK)

Fiber Texture
(W/cmK)†

HOD
(µm)

Fiber Texture
(µm)

125 µm

12.9 (1)

5.8 (2), 6.5*(3)

> 40

20 to 25

100 µm

9.9 (4)

2.8* (5), 3.3 (6), 3.6(7)

> 40

10 to 15

75 µm
†

1.9 (8)

1 to 5

Measurement on 1mm thick diamond substrate from Diamonex yielded a value of ~16

W/cmK
It is difficult to estimate the grain size, especially for the HOD samples, because it is hard to
discern the actual grain boundary of an individual grain. In the case of the samples with fiber
texture, though the (100) facets may be visible, the actual grain size may be as much as 1.5 to
2 times the facet size (cf. Figure 4.20 (b)). Nevertheless, a rough grain size estimate is given
for the samples shown in table (4.1) above.
It is to be stressed again that grain size numbers are rough estimates. However they are
helpful in showing that there is a difference in the grain size between HOD samples and
samples with fiber texture.
The results above show that as discussed in section (4.3) the assumption that in the case of
HOD films, the formation of low angle grain boundaries, results in the refraction of the
phonons giving rise to better thermal properties [62, 63] (as compared “misoriented” films) is
justified. Also, it is found that the removal of the nucleation layer does not significantly
affect the lateral thermal conductivity of the diamond films.
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Finally, we consider the relative error involved in the measurements. In case of the
evaluation of the temperature gradient along the length of the sample, the error involved will
be negligible since the voltage measurements are accurate to within ± 300 nV. This is further
supported by the fact that repeated calibration of the thermocouples has shown that the factor

dV
is accurate to within ± 300 nV/K. Also, the thermocouples are patterned using
dT
photolithography, the position of the thermocouples is accurate to within a few microns.

€

Therefore the effect of the gradient on the measurement accuracy may be neglected. Since
thickness of the sample is measured to an accuracy within ± 10 µm and that of the width ±
0.2 mm, the relative error would be ± 10%.
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5

Conclusions Drawn from the Thermal Conductivity Measurements and
Potential Areas of Future Research

In the current study, the thermal conductivity measurements are approached from two
different measurement perspectives. The first approach involves the 3ω method, which is a
“thermal wave” method, involving the use of “temperature waves” produced and
simultaneously measured by means of a thin film heater/thermometer. “Thermal waves” are
characterized by their rapid damping with depth, and also dependence of the oscillations on
the thermal properties of the medium. The 3ω method exploits the dependence of the
temperature amplitude on the material properties of the medium through which they
propagate. Measurement of thermal conductivity using the 3ω method on bulk substrates
yield results consistent with those quoted in the literature.
The validity of the thermal conductivity measurement by the 3ω method depends on the
assumption that the temperature rise induced by a periodic current flowing through the heater
is a linear function of the logarithm of the frequency. This assumption no longer holds true
for thin diamond films (of the order of ~ 100 µm). As discussed in earlier chapters, there is a
significant difference in the “normalized slope” for a “thermally finite” substrate as
compared to a “thermally semi-infinite” substrate. This therefore necessitates the
employment of an alternative method to measure thermal conductivity of thin diamond films.
For the purpose of measuring the thermal conductivity of thin diamond films, the heated bar
technique is employed. The heated bar technique is chosen among a host of different
techniques discussed in earlier chapters, because recent studies have shown it to be the most
reliable method for measuring films of high thermal conductivity. This method employs onedimensional steady state heat transfer to extract the thermal conductivity of a free standing
specimen. A known quantity of heat is input into the heater, and the resulting temperature
gradient is measured by means of thin film heater and thermocouple assembly, from which
the thermal conductivity is extracted.
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Using the heated bar technique, thermal conductivity measurements are performed on free
standing diamond films of varying thickness and different morphologies. It is found that
there is a significant difference in diamond thermal conductivity between Highly Oriented
Diamond (HOD) films and films with fiber texture. This difference may be attributed to
effect of phonon refraction at low angle grain boundaries in diamond as opposed to phonon
scattering in the case of diamond films with fiber texture.
The effect of the nucleation layer, which is of thermally poor quality, on the overall thermal
conductivity of the diamond film is studied by measuring the thermal conductivity of a
highly oriented diamond sample before and after RIE etching of 10 µm of the nucleation
layer. No significant change of thermal conductivity is found, indicating that the nucleation
layer does not affect the lateral thermal conductivity of thick diamond films. Last but not the
least, it is to be noted that the measurement of thermal conductivity of highly conducting
diamond films is not a straightforward enterprise. The measurements are complicated by a
number of different factors:
•

Thermal anisotropy intrinsic to diamond thin films: CVD diamond films as discussed
earlier have significant anisotropy in the thermal conductivity values with the cross
plane thermal conductivity being higher than the lateral conductivity;

•

Sensitivity to growth parameters: The quality of the diamond thin films is influenced
by the growth parameters. Therefore depending on the growth process used there will
be differences in the measured value of the thermal conductivity;

•

Measurement Method: The measured value of the thermal conductivity in itself
depends on the measurement method used. Methods which yield the thermal
conductivity value directly are more reliable as opposed to complicated methods
(such as the mirage technique).

Further studies on the diamond thermal conductivity may involve the study of heat
transport perpendicular to the film surface. This would prove to be useful since it would
give an estimate of anisotropy involved in the diamond films, especially for the HOD
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films for this particular laboratory. A simple concept may involve the deposition of a thin
film heater on one side and the measurement of the temperature rise on the other side by
means of an infrared imager. However, as discussed in Chapter 2, the diffusion times are
very low, so the frame rate may be a limiting factor.
Another potential area of study would be to see the effect of the nucleation layer on the
thermal conductivity normal to the substrate surface. As mentioned earlier, a direct
measurement on a single sample is yet to be done for cross plane thermal conductivity, to
the best of the author’s knowledge.
A third area of study, which would yield valuable results, is the study of the temperature
dependent thermal conductivity, both lateral and perpendicular to the sample surface, as a
function of thickness and film morphology. Such a study would yield important data on
the predominant defects involved and the main mechanisms limiting thermal transport
through the material, especially for HOD films.
Finally, it would be interesting to measure the local thermal conductivity of diamond
films, on roughly the scale of a grain, using specialized microscale techniques (like
Scanning Thermal Microscopy). This would yield invaluable data on the local thermal
conductivity of the material.
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Appendix A Solutions of the Heat Equation as Applied to Different Experimental
Methods
A.1

Thermal Wave Solution

Consider equation (2.2)

κ

€

∂ 2 T ∂T
=
∂x 2 ∂t

If we look for solutions of the kind

T ( x,t ) = u( x ) exp(iωt )

€

(2.2)

(A.1)

where u(x) is the amplitude, which is a function of position only, and ω the angular
frequency. Substituting equation (A.1) in (2.2) we get
d 2 u iω
− u=0
dx 2 κ

(A.2)

Comparing equations (2.2) and (A.2) it can be seen that the partial differential equation (2.2)
€

is reduced to an ordinary differential equation. The solution of equation (A.2) which is finite
(for x  ∞ ) is given by
 iω 
u( x ) = Aexp −
x
κ 


(A.3)

where A is a constant. Therefore the temperature distribution as a function of position and
€

time is given by
 iω 
T ( x,t ) = Aexp −
x  exp(iωt )
 κ 

(A.4)
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Now if we impose the condition that the temperature at the surface (i.e., x = 0) is oscillatory
and is of the form

T (0,t ) = Acos(ωt )

(A.5)

then equation (A.4) reduces to

€
T ( x,t ) = Aexp(−kx ) cos(ωt − kx )

(A.6)

1

ω 2
k
=
where
  .
€
 2κ 
A.2

Thermal Waves in Solid and Gas Phase

€

Figure A.1:

Figure of three regions with different material properties. Regions I and II are
solid while region III is a gas phase

Let regions I and II be solid with different material properties and let the region III denote a
gas. Let the surface of region II be illuminated by a periodic light source, the intensity being
given by
I = I0 cos(ωt)

€

(A.7)

The intensity of the light falls exponentially in the solid, the attenuation being determined by
the optical absorption coefficient β:
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I( x,t ) = I0 cos(ωt ) exp(−βx )

(A.8)

or in other words, the energy loss would be given by:

€
dI
= −βI0 cos(ωt ) exp(−βx ) = −βI ( x,t )
dx

(A.9)

Assuming that all of the absorbed light is converted into heat, we get the volumetric heat

€

generation to be:

q = −βI ( x,t )

(A.10)

Therefore the one-dimensional form of equation (2.1) for region II is:

€

λ 2
q
∂T
∇ T+
=
ρc p
ρc p ∂t

€

λII ∂ 2 TII ∂TII βI0 cos(ωt ) exp(−βx )
−
=
ρ II c pII ∂x 2
∂t
ρ II c pII

(2.1)

(A.11)

where the subscript II has been introduced to denote parameters for region II. Again, if we

€

look for solutions of the form:

TII ( x,t ) = uII ( x ) exp(iωt )

(A.12)

equation (A.11) transforms into:

€

βI exp(−βx )
λII ∂ 2 uII
− iωuII = 0
2
ρ II c p, II ∂x
ρ II c p, II
βI exp(−βx )
∂ 2 uII iω
⇒
−
uII = 0
2
∂x
κ II
λII

(A.13)

€
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Equation (A.13) can be further simplified by using the substitution:
(A.14)

uII ( x ) = s( x ) exp(−βx )

which reduces equation (A.13) to a non-homogeneous second order differential equation:

€

∂2s
∂s  2 iω  βI0
−
2
β
+ β −  s =
∂x 2
∂x 
κ II 
λII

(A.15)

with the homogeneous solution being:
€



iω  
iω  
sh = A1 expβ +
 x + A2 exp β −
 x
κ II  
κ II  



(A.16)

and the particular solution given by:

€

βI0

 iω  2 
2
λII  β − 
 

κ
 II  

βI0
=
2


ω  
2

λII β −  (1+ i)


2
κ

 
II

βI0
∴ sp =
2
λII β 2 − ((1+ i) k II )
sp =

(

€

(A.17)

)

∴ s = sh + sp


iω  
iω  
= A1 expβ +
 x + A2 exp β −
 x +
κ II  
κ II  



βI0
2


ω  
2

λII β − (1+ i)


2
κ

 
II


(A.18)

€
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[

]

[

]

⇒ s = A1 exp (β + (1+ i) kII ) x + A2 exp (β − (1+ i) k II ) x +
where : k II =

βI0

(

λII β 2 − ((1+ i) k II )

2

) (A.19)

ω
2κ II

Therefore from equation (A.14) we get
€

uII ( x ) = s( x ) exp(−βx )
= A1 exp[(1+ i) k II x ] + A2 exp[−(1+ i) k II x ] +

βI0

(

2

λII β − ((1+ i) k II )

2

)

exp(−βx ) (A.20)

⇒ TII ( x,t ) = uII ( x ) exp(iωt )

€

 A1 exp[(1+ i) k II x ] + A2 exp[−(1+ i) k II x ]


βI0
∴TII ( x,t ) = +
 exp(iωt )
exp(−βx )
 λ β 2 − 1+ i k 2

(( ) II )
 II


(

(A.21)

)

Clearly equation (A.21) shows that the temperature in the solid is a superposition of thermal
€

waves similar in form to equation (A.4). Now if we consider region III (which is the gas
phase), equation (2.1) in one dimensional form reduces to:

κ III

∂ 2 TIII ∂TIII
λIII
=
where κ III =
2
∂x
∂t
ρ III c p, III

(A.22)

following the similar steps as those outlined in section A.1, the solution to (A.22) has the

€

form:
TIII ( x,t ) = A3 exp(−(1+ i) k III x ) exp(iωt )

(A.23)

Similarly, for the case of the solid phase region I the governing heat transfer equation and the
€

solution are correspondingly given by (equations (A.24) & (A.25)):
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€
A.3

∂ 2 TI ∂TI
λI
κI 2 =
where κ I =
∂x
∂t
ρ I c p, I

(A.24)

TI ( x,t ) = A4 exp((1+ i) k I ( x + l1 )) exp(iωt)

(A.25)

Displacement of the Boundary Layer Due to Temperature Oscillations

€

For the boundary layer defined in section (2.2.3) (Photoacoustic Method), it can be shown
that (using equation (A.23)):

1
TIII ( x,t) =
2πµIII

2 πµ III

∫T
0

( x,t ) dx
III

1
=
A3 exp(iωt )
2πµIII

2 πµ III

∫ exp(−(1+ i)k

x )dx

0

A exp(iωt)
= 3
1− exp(−2π (1+ i))
(1+ i)2π

π 
A3 exp iωt − 
4 

∴TIII ( x,t) =
2 2π

[

III

(A.26)

]

If we assume the gas in the boundary layer to be ideal, we have from the ideal gas law:

€
P0 V0 = nRT0

(A.27)

Where P0, V0, and T0 refer to the ambient pressure, volume of the boundary layer and the
ambient temperature respectively. For a small change in temperature of the gas at constant
pressure, the corresponding change in the boundary layer volume is given by:

P0ΔV = nRΔT

(A.28)
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Dividing equation (A.28) by equation (A.27) we get:

ΔV ΔT
=
V0
T0

€

(A.29)

or, since the system we consider is one dimensional in nature, the change in volume
translates directly to a displacement along the x-direction given by:

Δx = ΔV =

V0
ΔT
T0


π 
A3 exp iωt − 
2πµIII
4 

=
T0
2 2π

π 
A3 µIII expiωt − 
4 

∴ Δx =
2T0

A.4

(A.30)

Background for the Flash Method

€

Consider the one-dimensional heat transfer problem wherein the conducting medium is
bounded by two surfaces which are insulating, i.e.:
∂2 T ∂T
=
∂x 2 ∂t

(A.31)

€

∂T (0,t )
=0
∂x

(A.32)

€

∂T ( L,t )
=0
∂x

(A.33)

κ

€

with the initial temperature distribution given by:
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T ( x,0 ) = f ( x )

(A.34)

The above problem is solved by means of the separation of variables technique. Let the

€

temperature distribution within the conducting medium be the product of two (independent)
functions:

T ( x,t ) = F ( x )G( t )

(A.35)

Substituting equation (A.35) in equation (A.31) above, we get two separate linear differential

€

€

€

equations:
1 ∂2 F
2
= −pn
2
F ∂x

(A.36)

1 ∂G
2
= − pn
κG ∂t

(A.37)

where pn is a constant. The solution of equation (A.36) above is of the form

F ( x ) = Acos( pn x ) + B sin ( pn x )

(A.38)

while equation (A.37) has the solution

€

€

€

G( t ) = Cn exp(− pn2κt )

(A.39)

Therefore the temperature distribution is given by:

T ( x,t ) = F ( x )G( t )

(A.40)

T ( x,t ) = ( Acos( pn x ) + B sin ( pn x ))Cn exp(− pn2κt )

(A.41)

€
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In order to evaluate the constants A and B, we use the boundary conditions given by
equations(A.32) and (A.33) to set

pn =

∂F (0) ∂F ( L)
=
= 0 to get (choosing A=1):
∂x
∂x

nπ
; n = 0,1,2,...
L
€

(A.42)

Therefore the temperature distribution of equation (A.41) reduces to:

€
Tn ( x,t ) = Cn cos( pn x ) exp(− pn2κt )

€

(A.43)

since the values of n = 0,1,2,… the complete solution is given by:
∞

T ( x,t ) =

∑C cos( p x) exp(− p κt)
n

n

2
n

(A.44)

n=0

From the initial conditions we get:

€
∞

T ( x,0 ) =

∑C cos( p x) = f ( x)
n

n

(A.45)

n=0

To evaluate the constants Cn we use the orthogonality property of the cosine functions to get

€
1
C0 =
L

€

2
Cn =
L

L

∫ f ( x)dx

(A.46)

0

L

∫ f ( x) cos( p x)dx
n

(A.47)

0

Therefore the temperature distribution is of the form:

€
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1
T ( x,t ) =
L

L

∫
0

2
f ( x )dx +
L

L

∞

∑cos( p x) exp(−p tκ ) ∫ f ( x) cos( p x)dx
n

n= 1

2
n

n

(A.48)

0

Appendix B Heat Conduction Through a Multilayered System [53,54]

€
We begin with the one-dimensional thermal wave solution (equations (2.2) to (2.4))

κ

€

€

€

∂ 2 T ∂T
=
∂x 2 ∂t

(2.2)

T ( x,t ) = u( x ) exp(iωt )

(2.3)

d 2 u iω
− u=0
dx 2 κ

(2.4)

The general solution of equation (2.4) is given by equation (B.1).

u( x ) = E exp( px ) + F exp(−px )
where : p =

iω
κ

(B.1)

where E and F are constants. Consider two media, medium a and medium b separated by an

€
interface at x = x´ as shown in figure (B.1).
Then equation (B.1) can be written separately for each media as shown in equation (B.2) and
(B.3).
ua ( x ) = E a exp( pa x ) + Fa exp(−pa x )
where : pa =

iω
κa

(B.2)

€
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ub ( x ) = E b exp( pb x ) + Fb exp(−pb x )
where : pb =

iω
κb

(B.3)

€

Figure B.1:

Two media with different thermal properties separated by an interface at x=x´

Equations (B.2) and (B.3) may be written in matrix form as shown in equation (B.4) and
(B.5).

€

 Ea exp( pa x)   u+a ( x) 
 =  − 
U a( x) = 
 Fa exp(− pa x)   ua ( x) 

(B.4)

 E b exp( pb x )   ub+ ( x )
 =  − 
Ub ( x ) = 
 Fb exp(−pb x )  ub ( x ) 

(B.5)

€
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At the interface x = x´, taking limits from the left and the right (denoted by x = x´– and x =
x´+ respectively), we may write the continuity conditions across the interface (equations
(B.6) and (B.7)):

€

€

ua ( x ′ −) = ub ( x ′ + )

(B.6)

 dua 
 du 
=  λb b 
 λa

 dx  x= x ′−  dx  x= x ′ +

(B.7)

Substituting equations (B.2) and (B.3) in equations (B.6) and (B.7) and making use of the
notation in equations (B.4) and (B.5) we get two simultaneous equation (B.8) and (B.9).

ua+ ( x ′ −) + u−a ( x ′ −) = ub+ ( x ′ +) + u−b ( x ′ + )

€

(B.8)

α a ua+ ( x ′ −) − α a u−a ( x ′ −) = α b ub+ ( x ′ +) − α b u−b ( x ′ + )
(B.9)

where : α a = λa pa

α b = λb pb

€

€

€

Solving equations (B.8) and (B.9) we get the elements of the matrix Ub(x´+).
ub+ ( x ′ + ) =

1
(α b + α a ) ua+ ( x ′ −) + (α b − α a ) u−a ( x ′ −)]
[
2α b

(B.10)

u−b ( x ′ + ) =

1
(α b − α a ) ua+ ( x ′ −) + (α b + α a ) u−a ( x ′ −)]
[
2α b

(B.11)

Equations (B.10) and (B.11) may be written in matrix form as expressed in equation (B.12).

Ub ( x ′ + ) = Φ ba Ua ( x ′ −)
where : Φ ba =

€

1  (α b + α a )

2α b  (α b − α a )

(α b − α a )

(α b + α a )

(B.12)
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Consider two points xi and xj in a particular medium, say medium a, separated by a distance
L.

x j − xi = L

(B.13)

If there is no source of heat in the medium a then we have

€
ua ( x j ) = ua (L + x i )

€

(B.14)

i.e.,
ua+ ( x j ) + u−a ( x j ) = E a exp( pa ( L + x i )) + Fa exp(− pa (L + x i ))
⇒ ua+ ( x j ) + u−a ( x j ) = ua+ ( x i ) exp( pa L) + u−a ( x i ) exp(− pa L)

(B.15)

which when written in matrix notation is given by:
€
U a ( x j ) = D a ( L )U a ( x i )
exp(p a L)

0

where : Da ( L) = 
exp(-p a L)
0

€

(B.16)

If we consider a heat source to be present at the interface between the media a and b then the
continuity conditions (equations (B.6) and (B.7)) may be rewritten as shown in equations
(B.17) and (B.18).

€

€

ua ( x ′ −) = ub ( x ′ + )

(B.17)

 dua 
 du 
=  λb b 
+Q
 λa

 dx  x= x ′−  dx  x= x ′ +

(B.18)

where Q is the applied heat flux. Following the same procedure as outlined above, we get the
following results for the matrix elements of Ub(x´+).
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€

ub+ ( x ′ + ) =

1
Q
(α b + α a ) ua+ ( x ′ −) + (α b − α a ) u−a ( x ′ −)] −
[
2α b
2α b

(B.19)

u−b ( x ′ + ) =

1
Q
(α b − α a ) ua+ ( x ′ −) + (α b + α a ) u−a ( x ′ −)] +
[
2α b
2α b

(B.20)

⇒ Ub ( x ′ + ) = Φ ba Ua ( x ′ −) −

€

1  (α b + α a )

where : Φ ba =
2α b  (α b − α a )

Q  −1
 
2α b  1

(α b − α a )

(α b + α a )

(B.21)

Figure (B.2) below shows a multilayered material with N + 2 layers, with each layer being

€

composed of an isotropic medium, with no thermal resistance at the interface between the
adjacent layers. Also, heat is assumed to flow along the x direction which is perpendicular to
the plane of the layer. The jth layer has a heat source in the layer at a distance x´ from the
interface.
For the case of medium 0, the spatial distribution of the temperature when subject to the
condition that the temperature profile be finite as x  – ∞ results in equation (B.23).

€

u0 ( x ) = u0+ ( x ) + u0− ( x )

(B.22)

∴ u0− ( x ) = 0; ⇒ u0 ( x ) = u0+ ( x )

(B.23)

A similar argument for the case of the (N+1)th layer with x  ∞ gives the solution for the

€

temperature distribution (for the (N+1)th layer) as shown in equation (B.24).

uN+ +1 ( x ) = 0; ⇒ uN +1 ( x ) = u−N +1 ( x )

€

(B.24)
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If we assume that a heat source is present in the layer j at a distance x´ from the interface j-1,
then for x approaching x´ from the left i.e x  x´–, we assume the temperature distribution to
be proportional to the temperature at the bottom of medium 0.
u j ( x ′ −) ∝ u0+ (0 )

€

€

(B.25)

or, u +j ( x ′ −) = A + u0+ (0 )

(B.26)

and u−j ( x ′ −) = A− u0+ (0 )

(B.27)

€

Figure B.2:

N+2 layered system with heat input Q being supplied at the layer j at a
distance x= x´ from the interface

Similarly for the case of x approaching x´ from the right i.e., x  x´+ we assume that the
temperature profile is proportional to top of the layer (N+1).
u j ( x ′ + ) ∝ uN+ +1 ( x N +1 )

€

(B.28)
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€

€

or, u +j ( x ′ + ) = B + uN+ +1 ( x N +1 )

(B.29)

and u−j ( x ′ + ) = B− uN+ +1 ( x N +1 )

(B.30)

where A+, A–, B+, B– are constants. Since the heater is situated within the medium φba = 1
therefore equation (B.21) reduces to equation (B.31) giving the temperature profile in terms
of the temperature at the top of medium (N+1) and the bottom of medium 0.

U j ( x ′ + ) − U j ( x ′ −) = −

Q  −1
 
2α j  1

⇒ u−N +1 ( x N +1 )B − u0+ (0 )A = −

€

Q  −1
 
2α j  1

 A+ 
 B+ 
where : A =  −  and B =  − 
A 
B 

(B.31)

(B.32)

Since equation (B.32) is in fact a set of simultaneous equations we can solve for the

€

temperature profiles at the bottom of medium 0 and top of medium (N+1).

B + + B− )
(
Q
u (0 ) =
2α j ( A + B− − A− B + )
+
0

€

u—
N+1 ( x N +1 ) =

( A + + A− )
Q
2α j ( A + B− − A− B + )

(B.33)

(B.34)

€
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