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Chapter 1: Introduction

Amorphous metals

Amorphous metals, often known as metallic glass, refers to solid metallic materials

which lacks periodic crystalline structures. The term of crystalline is used to de-

scribe materials that exhibit both short and long range order in the arrangements

of atoms, while the amorphous means the long range order of atomic arrangements

is missing. Amorphous metals are usually multicomponent alloys rather than pure

metals and the constituent atoms are significantly different in size. Bulk metallic

glass (BMG), with the absence of grain boundaries, usually has a high wear and

corrosion resistance and a high resilience strength as well, and thus has a wide

range of applications such as used as protective coatings for industry machinery or

as scratch-free screen protector [1, 2]. Liquidmetal Technologies even have several

commercially available products of titanium-based bulk metallic glass [Liquidmetal

Technologies Inc, Lake Forest, CA, USA] . On the other hand, the amorphous met-

als often have a high resistivity because of the relatively short mean free path for

electrons associated with the amorphous structures [3]. The amorphous multicom-

ponent metal films with their atomically smooth surface morphology, lack of grain

boundaries and high resistivity are promising potential candidates as electrode

materials used in electronic devices, particularly in vertical-transport electronic

devices such as two terminal metal-insulator-metal (MIM) tunnel diodes and three

terminal hot electron transistors (HET) [3]. Since the performance and lifetime

of such electronic devices are limited by the temperature and thermal transport

properties of the materials, a good understanding of the thermal transport prop-

erties of amorphous metals is critically important for further improvements of the

device efficiency, especially as the feature size of electronic devices keep decreasing.

Thus an accurate measurement of the thermal conductivity of amorphous metals is
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essential in understating their thermal properties and acting as guidance in further

device performance and reliability improvements.

Hafnium oxide and silicon nitride

Hafnium oxide with the formula HfO2 is the leading candidate to replace silicon

oxide as gate oxide used in field effect transistors (FET), mainly because it has

a higher dielectric constant [4]. Because of its high dielectric constant, hafnium

oxide can reduce the current leakage across the dielectric even when the gate

oxide is made to be ultra thin a few atoms thick [5]. The thermal properties of

hafnium oxide are also increasingly important because the thermal conductivity

and the thermal interface resistance can affect the phonon properties during device

switching and limit the performance and reliability of such electronic devices [6,

7]. Thus an accurate measurement of thermal conductivity of hafnium oxide is

also very interesting and necessary. Silicon nitride is often used as insulator to

electrically isolate different structures of integrated circuits. Silicon nitride can

also be used as passivation layer of microchips which acting as diffusion barrier

against water molecules and sodium ions in order to avoid corrosion and instability

issue in microelectronics [8]. Measuring the thermal conductivity of hafnium oxide

and silicon nitride can also demonstrate the reliability and capability of our 3ω

measurement system.

History of 3ω method

The 3ω method is a well-known technique used to directly measure the thermal

conductivity of both bulk and thin film materials. The 3ω method was first devel-

oped by David Cahill in the late 1980s [9,10]. Cahill invented this method in order

to reduce the difficulties in thermal conductivity measurements by reducing the

thermal equilibration time and eliminating errors caused by blackbody radiation of

the system during measurements. The 3ω method was initially demonstrated to be

capable of measuring the thermal conductivity of bulk glasses. He also extended
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the 3ω method to study the thermal conductivity of thin-film dielectric materi-

als [11]. After that, the 3ω method analyzed and improved for the case of one or

more thin films on a substrate of finite thickness by Kim [12] whom also show how

to eliminate the effects of interfacial thermal resistance in the presence of several

layer of thin films [13]. The model for the 3ω method has been carefully analyzed

and simulated using the finite element method [14] and also has been extended

for substrates and thick films with anisotropic thermal conductivity [15]. Over the

years, the 3ω method has been extensively used in thermal conductivity measure-

ments of a wide range of both bulk and thin-film materials. The 3ω measurement

system in our lab build by River Wiedle and Mark Warner. The system has been

demonstrated to be capable of measuring thermal conductivity of amorphous thin

film dielectrics [16]. Here the 3ω method is extended and improved to measure

the thermal conductivity of thin-film amorphous metals which have higher thermal

conductivity.

Time-Domain Thermo-reflectance (TDTR) is another method to measure the

thermal diffusivity of a material and the thermal conductivity as well if we know

the density and the specific heat of such material [17, 18]. There is a comparison

of the TDTR and 3ω method in measuring the thermal conductivity [19,20]. The

3ω method typically has a high accuracy in thermal conductivity measurements,

especially for bulk material and low thermal conductivity dielectric films. But

the accuracy of the 3ω method decreases for high thermal conductivity films or

conducting films. While the TDTR has a limited accuracy in thermal conductivity

measurements because it depends on many experimental parameters such as the

heat capacity of the sample. But the TDTR method also has several advantages:

it can separate the interface thermal resistance from the total thermal resistance

contributions and no electrical insulation layer is needed for thermal conductivity

measurements of conducting films. In this thesis, only the 3ω method for the

thermal conductivity measurements is discussed.
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Structure of this thesis

The structure of this thesis is as follows. Chapter 2 presents the theoretical back-

ground for the 3ω method and a detailed derivation of the analytic solution of the

heat equation that will be used to interpret the data. After that is a numerical

simulation work of the 3ω method using finite element method and COMSOL.

This is followed by a literature review about the thermal transportation mech-

anism of amorphous metals. Chapter 3 provides details about the growth and

preparation of samples and the instruments used in the 3ω measurement system.

New instruments aimed to improve the reliability and capability are also presented

in Chapter 3. Chapter 4 shows the experimental data of the thermal conductivity

measurements for amorphous metal thin films TaWSi, hafnium oxide films and

silicon nitride films. Chapter 5 presents the conclusion for this thesis and suggests

several prospects for the further research using the 3ω method.
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Chapter 2: Theoretical background

This chapter firstly discuss the theory of the 3ω method and the derivation of the

analytic solution of the heat equation used in the 3ω method. A detailed discussion

of the theory of the 3ω method is critical for understanding the fundamental idea

of the 3ω method. The derivation follows the format used in River Wiedle’s thesis

[21] and Nicola Schmidt’s thesis [22]. Then a numerical approach to analysis the

3ω method based on finite element method is briefly presented. The thermal

transportation mechanism of amorphous metals is also discussed in this chapter.

2.1 3ω method

The 3ω method is a well-known technique to directly measure the thermal con-

ductivity of both bulk and thin-film materials. It was first proposed by David

Cahill in the late 1980s [9]. Cahill invented the 3ω method to measure the thermal

conductivity of bulk dielectric materials. The 3ω method was then extended to

measure the thermal conductivity of thin-film dielectric materials [10,12]. Here we

improve and extend the 3ω technique to investigate the thermal conductivity of

amorphous multicomponent metallic films.

The fundamental idea of 3ω method [9,22] is to deposit a thin metal strip on the

samples of interest and use the metal strip both as a heater and a thermometer.

Figure 2.1 and 2.2 shows the geometry of the heater typically used in the 3ω

method. A sinusoidal current I(t) = I0cos(ωt + φ0) with frequency ω and phase

φ0 is applied to the metal strip. It causes Joule heating at frequency 2ω inside the

heater. Assuming the change of resistance of the heater is small, the generated

heat power is given by:
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Figure 2.1: Heater structure used in 3ω method.

Figure 2.2: Geometry of heater used in 3ω method.
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P (t) = I(t)2R0

= I2
0R0cos(ωt+ φ0)2

=
1

2
I2

0R0 +
1

2
I2

0R0cos(2ωt+ 2φ0) (2.1)

Here R0 is the resistance of the heater at room temperature. The power P (t)

has a DC and a AC component. The AC component has the same magnitude

as the DC component but varies with time at 2ω frequency. The average power

generated by the heater is:

〈P 〉 =
ω

π

∫ π
ω

0

P (t)dt

=
1

2
I2

0R0 (2.2)

The power generated by Joule heating of the heater dissipates through the

thin-film and substrate, causing the temperature of the substrate and the heater

to increase above the ambient temperature. The temperature increase depends

on the power, frequency of driving current and thermal properties of the sample,

particularly thermal conductivity. Since the power has a constant and oscillating

components, the temperature rise has both constant and oscillating parts also at

2ω frequency. The temperature rise of the heater can be expressed as [21]:

∆T (t) = ∆TDC + ∆TACcos (2ωt+ 2φ0 + Φ(ω)) (2.3)

The heater also acts as a thermometer to detect the temperature change by

measuring the resistance of the heater. Within small range of temperature change,

the resistance of the heater increase linearly with temperature rise:
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R(T ) = R0(1 + α(T (t)− T0)) = R0(1 + α∆T )

= R0 (1 + α∆TDC + α∆TACcos(2ωt+ 2φ0 + Φ(ω))) (2.4)

Where α is the temperature coefficient of resistance (TCR), T0 is the initial tem-

perature of the heater and R0 is the resistance of the heater at temperature T0.

With resistance at 2ω frequency and current at 1ω frequency, the voltage across

the heater is given by:

V (t) = I(t)R(t)

= I0R0 {(1 + α∆TDC)cos(ωt+ φ0) + α∆TACcos(2ωt+ 2φ0 + Φ(ω))cos(ωt+ φ0)}

= I0R0

{
(1 + α∆TDC)cos(ωt+ φ0) +

1

2
α∆TACcos(ωt+ φ0 + Φ(ω))

+
1

2
α∆TACcos(3ωt+ 3φ0 + Φ(ω))

}
(2.5)

The voltage across the heater contains both 1ω and 3ω components. The mag-

nitude and phase of the third harmonic V3ω(t) is related to the thermal properties

of the sample and can be measured by a lock-in amplifier. The in-phase and out-

of-phase components of oscillating temperature rise can be determined from the

measured 3ω voltage by the formula [10]:

∆TAC,x =
2V3ω,x

αI0R0

(2.6)

∆TAC,y =
2V3ω,y

αI0R0

(2.7)

The in-phase component of third harmonic V3ω is in phase with 3φ0, where

φ0 is the phase of driving current; the out-of-phase component is phase shifted

by Φ(ω) regarding to the in-phase component. The magnitude of 1ω component
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of the voltage V1ω is approximately equal to I0R0 when considering the fact that

temperature coefficient of resistance is typically much smaller than 1. Then we

have:

∆TAC,x =
2V3ω

αV1ω

cos(Φ(ω)) (2.8)

∆TAC,y =
2V3ω

αV1ω

sin(Φ(ω)) (2.9)

The thermal conductivity of samples is determined by comparing and fitting

the measured in-phase and out-of-phase components of ∆TAC with the analytic

solution of heat equation.

2.2 Analytic solution of heat equation

The analytic solution of heat equation used in the 3ω method was first proposed by

David Cahill [9–11] and varies with different heater geometries. The temperature

profile in isotropic substrates is derived for both 1D heater and 2D rectangular.

The temperature profile offsets caused by inserting an isotropic thin-film between

the heater and the substrate are also carefully discussed.

2.2.1 1D heater solution

Figure 2.3 shows the geometry of the 1D heater discussed here [21]. The 1D heater

is a line heater embedded on top of the substrate. We assume the length of the

heater is infinite. Thus we can only discuss the thermal transportation in the cross

section which is perpendicular to the line heater, and the heater can be treated

as a point heat source in such a cross section. We also assume the substrate is

isotropic so the thermal conductivity κ and thermal diffusivity D of the substrate

is independent of the orientations. We first assume the cross section of the line

heater is a semi-circle with radius a, and then take the limit of a→ 0 once we get
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the temperature profile. Since the thermal conductivity of air is much smaller than

x

y

a

r

Metal Heater

Substrate

z

Air

Figure 2.3: Geometry of 1D heater.

the substrate, and the thermal convection between the heater and air is negligible,

we assume there is no heat propagates upward. According to the law of heat

conduction or Fourier’s Law, the heat flux inside the sample can be described as:

~Q(~r, t) = −κ∇T (~r, t) (2.10)

where κ is the thermal conductivity of the material, ~q(~r, t) is the local heat flux

density, and T (~r, t) is the temperature profile inside the samples. The thermal

diffusivity D is defined as the thermal conductivity divided by the volumetric heat

capacity:

D =
κ

ρCp
(2.11)

where ρ is the density and Cp is the specific heat capacity. The thermal diffusivity

describes the ability of a substance to conduct thermal energy compared to its

ability to store it.
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ρCp
∂T (~r, t)

∂t
= −∇ ~Q(~r, t) (2.12)

Thus the heat equation used to describe the temperature profile of a substance can

be expressed as:

∂T (~r, t)

∂t
=

κ

ρCp
∇2T (~r, t)

= D∇2T (~r, t) (2.13)

Here we define the temperature increase inside the samples as the real part of

∆T̃ (~r, t), which is a complex function of coordinate ~r and time t [21]:

∆T̃ (~r, t) = ∆T̃DC(~r) + ∆T̃AC(~r)ei(2ωt+2φ0+Φ(ω)) (2.14)

The time-independent DC component of the temperature increase is the steady-

state solution of heat equation related to the constant component of power gen-

erated by the heater. The oscillating part is caused by the AC component of the

power dissipated by the heater. We assume the magnitude of the temperature rise

decays to zero at a distance far away from the heater. In the 1D heater geometry,

the generated heat flows into the substrate radially, suggesting the temperature

rise only depends on the radial coordinate r. Plugging the postulated solution of

temperature rise Equation 2.14 into Equation 2.13 gives:

1

r

∂

∂r

{
r
∂∆T̃DC(r)

∂r

}
+

1

r

∂

∂r

{
r
∂∆T̃AC(r)

∂r

}
ei(2ωt+2φ0+Φ(ω))

=
1

D

{
∂∆T̃AC(r)ei(2ωt+2φ0+Φ(ω))

∂t
+
∂∆T̃DC(r)

∂t

}
=

1

D

{
i2ω∆T̃AC(r)ei(2ωt+2φ0+Φ(ω)) + 0

}
(2.15)
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The DC and AC components of the temperature rise can be solved separately

and the time derivative of the DC component is equal to zero. The steady-state

part and the oscillating part of the temperature increase can be solved separately.

Equation 2.15 can be separated into:

1

r

∂

∂r

{
r
∂∆T̃DC(r)

∂r

}
= 0 (2.16)

1

r

∂

∂r

{
r
∂∆T̃AC(r)

∂r

}
=
i2ω

D
∆T̃AC(r) (2.17)

The solutions of Equation 2.17 is discussed in details here because the magni-

tude and phase of the oscillating temperature rise can be used to determine the

thermal properties of substrate. Equation 2.17 can be rewritten as:

d2∆T̃AC(r)

dr2
+

1

r

∆T̃AC(r)

dr
− i2ω

D
∆T̃AC(r) = 0 (2.18)

We can further rearrange Equation 2.18 as:

r2d
2∆T̃AC(r)

dr2
+ r

∆T̃AC(r)

dr
− r2 i2ω

D
∆T̃AC(r) = 0 (2.19)

where

q =

√
i2ω

D
(2.20)

Equation 2.19 is easily recognized as zeroth order Bessel’s differential equation

with a complex argument. The solutions of Equation 2.19 are linear combinations

of the zeroth order modified Bessel equation [23]:

∆T̃AC(r) = c1K0(qr) + c2I0(qr) (2.21)

Using the boundary conditions of ∆T̃AC(r →∞) = 0, the solutions I0(qr) can be
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ruled out because I0 diverges as r goes to ∞ [23], thus:

∆T̃AC(r) = c1K0(qr) (2.22)

According to Fourier’s law, the heat flux flows outward at the surface of the heater

can be expressed as:

Q(r = a) = −κd c1K0(qr)

dr
|r=a

= c1κqK1(qa) (2.23)

Because the total heat flux flows outward at the surface of heater is equal to the

average power generated by the heater,

〈P 〉 = πlaQ(r = a) = c1κqπlaK1(qa) (2.24)

where l is the length of the heater. Thus the oscillating temperature rise can be

expressed as:

∆T̃AC(r) =
〈P 〉

πlκqaK1(qa)
K0(qr) (2.25)

With the limit a→ 0, and the fact that lim
a→0

qaK1(qa) = 1, the oscillating temper-

ature rise with 1D heater is:

∆T̃AC(r) =
〈P 〉
πlκ

K0(qr) (2.26)

Thermal penetration depth is a parameter to determine how deep the ther-

mal waves penetrate into the substrate. In the limit of |qr| � 1, the first order

approximation of ∆T̃AC(r) can be expressed as [9, 10,24] [007]:

∆T̃AC(r) =
〈P 〉
πlκ

(
1

2
ln(

2D

ωr2
)− γ − iπ

4

)
(2.27)

where γ is the Euler-Mascheroni constant. From Equation 2.27, the oscillating
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temperature rise contains a frequency-dependent real part which is in-phase with

the driving current and a frequency-independent imaginary part which is out-of-

phase with the driving current. The phase shift of the oscillating temperature rise

is defined as:

Φ(ω) = arctan

(
Im∆T̃AC(ω)

Re∆T̃AC(ω)

)
(2.28)

and the in-phase (real) and out-of-phase (imaginary) parts can be expressed as:

∆TAC,x(ω) =
∣∣∣∆T̃AC(ω)

∣∣∣ cosΦ (2.29)

∆TAC,y(ω) =
∣∣∣∆T̃AC(ω)

∣∣∣ sinΦ = −〈P 〉
4lκ

(2.30)

When ω is sufficiently small and the thermal penetration depth λ becomes

much larger than the half width of the heater [25], the in-phase component of

the oscillating temperature ∆T̃AC decreases linearly with the driving frequency

in logarithmic scale while the out-of-phase component is constant regardless of

the frequency of driving current. The derivative of the in-phase component with

respect to frequency in logarithmic scale is given as:

d ∆TAC,x(ω)

dln(ω)
= − 〈P 〉

2πlκ
(2.31)

Equation 2.31 provides a way to determine the thermal conductivity of substrate

from the inverse slope of such a linear region. If we measure the magnitude of

in-phase oscillating temperature rise over a wide range of driving frequencies, then

the thermal conductivity of the substrate can be determined by [9]:

κ = −〈P 〉
2πl

(
d ∆TAC,x(ω)

dln(ω)

)−1

(2.32)

According to Equation 2.30, the thermal conductivity of the substrate can also

be determined from the out-of-phase component of temperature rise:
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κ = − 〈P 〉
4l∆TAC,y

(2.33)

2.2.2 2D heater solution

The typically used 2D heater in the 3ω method is a thin strip of metal on top

of the samples. The top view of the heater is rectangular and it is assumed that

the length of the heater is infinite. Thus we can only discuss solutions of heat

equation in a cross section perpendicular to the length of the heater. Figure 2.4

shows the cross-section geometry of the heater. The width of the heater is finite

x

y

-b b

Metal Heater
Air

Substrate

Thickness

Figure 2.4: geometry of 2D heater on substrate (cross section).

and defined as 2b while the height of the heater is typically in the range of hundreds

of nanometers. We can get desired heater thickness and desired heater resistance

by modifying the deposition parameters of the heater. In the 3ω method, only the

temperature rise of the heater is needed to determine the thermal conductivity of

the substrate. Thus we only discuss the temperature at the interface of the heater

and the substrate (y=0). We further assume the heat flux flowing outward from
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the heater is uniform across the interface between the heater and the substrate.

Then the 2D heater can be considered as a series of 1D heater on the surface of

the substrate. The temperature profile caused by the 2D heater is the convolution

of the temperature profile of 1D heater with a rectangular function [21].

∆T̃AC,2D(x) = ∆T̃AC,1D(x, y = 0) ∗ rect(x) (2.34)

where the ∗ represents convolution and the rectangular function rect(x) is defined

as

rect(x) =


1

2b
− b ≤ x ≤ b

0 others
(2.35)

The rectangular function is set to zero for those locations without 1D heaters.

The integration of the rectangular function over position is also normalized to one

in order to make the total heat flux flowing outward from the 2D heater equal

to those of a single 1D heater. Equation 2.26 shows the oscillating temperature

increase caused by the 1D heater in cylindrical coordinates. The temperature

profile can be rewritten in Cartesian coordinates as a symmetric function about

the y-axis, which is ∆T̃AC,1D(x) = ∆T̃AC,1D(−x). According to the convolution

theorem, the Fourier transform of a convolution of two functions is equal to the

point-wise product of Fourier transforms:

F {∆TAC,1D(x) ∗ rect(x)} = F
{

∆T̃AC,1D(x)
}
·F {rect(x)} (2.36)

The Fourier transform of the rectangular function rect(x) is a sinc function
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expressed as:

F {rect(x)} =

∫ +∞

−∞
rect(x) e−ikxdx

=

∫ +b

−b

1

2b
e−ikxdx

=
sin(kb)

kb
= sinc(kb) (2.37)

The Fourier transform of ∆T̃AC,1D(x, y = 0) is given by [10]:

F
{

∆T̃AC,1D(x, y = 0)
}

= 2

∫ +∞

0

〈P 〉
πlκ

K0(qx) dx

=
〈P 〉
πlκ

π√
k2 + q2

(2.38)

Thus the oscillating temperature rise caused by the 2D heater can be deter-

mined by the inverse Fourier transform:

∆T̃AC,2D(x, y = 0) = F−1
{

F
{

∆T̃AC,1D(x)
}
·F {rect(x)}

}
=

1

2π

∫ +∞

−∞

〈P 〉
πlκ

πsin(kb)

kb
√
k2 + q2

e−ikx dk

=
〈P 〉
πlκ

∫ ∞
0

sin(kb)cos(kx)

kb
√
k2 + q2

dk (2.39)

Equation 2.39 suggests that the temperature rise caused by the 2D heater is

also symmetric about y-axis. As the temperature of the heater increases, the

resistance of the heater also increases and is measured in the 3ω method. The

resistance of the heater depends on the average temperature of the heater, which

can be expressed as [10]:
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∆T̃AC,2D(ω) =
1

2b

∫ b

−b

〈P 〉
πlκ

∫ ∞
0

sin(kb)cos(kx)

kb
√
k2 + q2

dkdx

=
〈P 〉
πlκ

∫ ∞
0

sin2(kb)

(kb)2
√
k2 + q2

dk

=
〈P 〉
πlκ

∫ ∞
0

sin2(kb)

(kb)2

√
k2 + i2ω

D

dk (2.40)

The integral in Equation 2.40 can be evaluated numerically. Figure 2.5(a) is

a plot of 1D and 2D heater solution numerically calculated by River Wiedle [21].

The in-phase and out-of-phase components of the oscillating temperature rise of

the 2D heater are plotted as solid line in Figure 2.5(a) versus the driving frequency

on a logarithmic scale. The oscillating temperature rise caused by 1D heater is also

approximately evaluated and plotted as dotted line in the same figure. As we can
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Figure 2.5: (a) Numerically evaluated temperature rise vs. frequency in log scale
for the 2D heater and 1D heater solutions. Here we assume: 〈P 〉 /l = 1Wm−1, b =
10µm,D = 1mm2s−1. Figure takes from River Wiedle’s thesis; (b) In-phase and
out-of-phase temperature rise vs. driving frequency for a amorphous metals sample
on p-type silicon substrate.
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see, the temperature rise of 2D heater agrees well with that of 1D heater at low

frequency. The aluminum heater used in our measurements typically has a length

of 1 mm, a width of 5 µm and a thickness of 180 nm. Figure 2.5(b) shows the

in-phase and out-of-phase components of temperature rise caused by such heater

on top of a amorphous metals sample with p-type silicon substrate. The measured

data agrees well with the linear region of the 2D heater model.

The thermal resistance

∆Rth =
∆TAC
Q

=
2bl

〈P 〉
∆TAC (2.41)

where Q = 〈P 〉
2bl

is the heat flux flows outward from the interface between heater

and substrate. The units of thermal resistance are m2KMW−1. The thermal

resistance can be further described as [21]

Rth =
4bl

αV 2
1ωI1ω

V3ω,x (2.42)

According to Equation 2.6 and 2.32, the thermal conductivity of substrate can

be determined by the formula [9]

κ = −αV
2

1ωI1ω

4πl
(
dV3ω,x(ω)

dIn(ω)
)−1 (2.43)

2.2.3 Thin film approximation

When a thin film with thickness of df is inserted between the 2D heater and the

substrate as depicted in Figure 2.6, and with the assumption that the film thickness

df is much smaller than the width of the heater 2b (df � 2b), the heat flux through

the thin film is mainly cross-planar while the in-plane heat flow inside the films is

negligible. Under such assumption, the heater can be consider as infinitely wide.
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Thus the edge effects of the heater can be ignored and the heat flow should be

perpendicular to the interface between the heater and the thin film. Figure 2.7

shows the heat flux pattern inside the thin film when the heater width is much

greater than film thickness 2b � df as well as when the heater width is much

smaller than film thickness 2b � df . As we can see here, for narrow heater, the

heat flux is radial within thin film and the narrow heater can be described as a

1D heater; for wide heater, the heat flow pattern inside thin film is cross-planar

Thin-�lm

Substrate

Heater

2b

df

Figure 2.6: Cross-section schematic of thin film on substrate.

2b~df 2b>>df

2b 2b

df df

Film Thickness is typically ~100 nm

Width of heater is typically ~10 um

Figure 2.7: Pattern of heat flux inside thin film for 2b� df and 2b ∼ ff
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but gradually switches to radial far away from the heater [21]. At low driving

frequency region where the thermal penetration depth is much larger than the film

thickness, the behavior of temperature rise of film/substrate system is similar to the

substrate-only system. The thickness of films is typically hundreds of nanometers.

Thus we can assume the thermal mass of the film is small and the temperature

rise of thin films can respond instantaneously to the oscillating driving current.

The temperature at the interface between film and substrate should be the same

as the temperature at the surface of the 2D heater for substrate only system. We

can treat the thin film as a thermal resistance and calculate the temperature rise

at the interface between heater and films by applying Fourier’s law [26]:

Qy = −κf
d∆Tf
dy

(2.44)

where Qy is the heat flux through the film as well as the heat flux flows outward

from the heater, κf is the thermal conductivity of the film and ∆Tf is the oscillating

temperature rise with the films. The heat flux is assumed to be constant across

the surface of the heater. Thus Qy = 〈P 〉
2bl

. And additional temperature rise caused

by the film can be expressed as:

∆Tf =

∫ df

0

〈P 〉
2blκf

dy =
〈P 〉 df
2blκf

(2.45)

According to Equation 2.45, in the low frequency region where the thermal

penetration depth is much larger than the film thickness (
∣∣∣1q ∣∣∣ � df ), the film

inserted between the heater and the substrate causes a frequency-independent

additional offset to the in-phase component of the temperature rise of the heater.

Because the thermal mass of the film is negligible and the heating of the film is

instantaneous, there is no phase-shift caused by the film. Thus the the out-of-phase

component remains unchanged. According to Equation 2.41, the temperature rise

can be converted to thermal resistance. The additional thermal resistance caused

by the films can be expressed as [26]:
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∆Rth,f =
∆Tf
Qf

=
df
κf

(2.46)

From Equation 2.46, thicker films cause larger thermal resistance and films with

smaller thermal conductivity also cause larger additional thermal resistance. We

can do the 3ω measurements for a set of film/substrate samples which are identical

except for the film thickness and then plot the thermal resistance offset versus the

film thickness. The thermal conductivity of the films can be determined from the

inverse slope of such plot [26]:

κf =

(
d ∆Rth,f

d df

)−1

(2.47)

2.3 Numerical analysis of the 3ω method based on finite element

method

In the previous section, the heat equation was solved for ideal 1D and 2D heaters

on thick substrate as well as with the thin film approximation. These analytic

solutions require several assumptions: the substrate is semi-infinite, the length

of the heater is infinite, film thickness is much smaller than the width of the

heater (2b � df ), the heater has a negligible thickness, and there is no heat ex-

change with air during the measurements, the ideal 2D heater has a uniform and

negligible thickness as well as uniform width and length. The realistic heaters

fabricated by photolithography and lift-off process have inevitable non-uniformity

at the edges. Moreover, the heaters produced from wet etch process can be in

shape of a trapezoid because of the possible side etching during the process. In

order to determine the effects of these assumptions, we have developed an numer-

ical simulation approach in which the time-dependent heat transfer problems of

substrate/film/heater system with arbitrary geometry is solved based the finite

element method using COMSOL multiphysics software [27–29]. The finite element

method is a numerical approach to find the approximate solutions to boundary

value problems for differential equations. The equation solved in time-dependent



23

heat transfer model of COMSOL is:

ρCp
∂T

∂t
+ ρCp~u · ∇T = ∇ · (κ∇T ) +Q (2.48)

where ρ is the density, Cp is the specific heat capacity in units of J/(Kg·K), κ is the

thermal conductivity, Q is heat sources other than viscous heating and ~u is the ve-

locity vector of the fluid which is zero in our case. The oscillating temperature field

at different times can be obtained from the numerical simulation approach. The

magnitude and phase of the temperature oscillation at the interface between the

heater and substrate is of particular interest. The general geometry of a sample for

the 3ω method should be solved using three-dimensional (3D) mesh. A 3D mesh

is also needed to study the effects of finite heater length on the analytic solutions.

When applying current, the current density is nonuniform inside the heater, thus

the heat power generated is also nonuniform. The effects of nonuniform distribu-

tion of heat power can be simulated by coupling the electric currents(ec) module,

the joule heating (jh) module and the heat transfer in solids (ht) module and need

to be solved using 3D mesh. But here we only present basic simulation work to

demonstrate the capability and principles of the numerical simulation approach.

When the length of the heater is much longer than the thermal penetration depth,

heat flux will be mainly inside the cross section that is perpendicular to the length

of the heater. The simulation can be simplified to two-dimensional.

First, we simulated the frequency response of temperature oscillation at the

interface between heater of 10 µm width and silicon substrate. As in figure 2.8,

the structure consists of a metal strip with width 10 µm deposited on top of a

silicon substrate.



24

Figure 2.8: Geometry of simulated structure which contains a 10µm heater on top

of silicon substrate. (Units: µm)

The physical properties of materials used for the simulations are found from

literature and listed in Table 2.1. The heat flux at the interface between the heater

and the substrate is assumed to be uniform and is set to be 5×106W/m2 ·cos(2ωt).
The temperature at the side faces and bottom of the structure is fixed to room

temperature (T = 300K) and upper surface (except the heater) is set to have a

heat exchange with air by convection with the coefficient of thermal convection as

H = 3W ·m2·◦C.

Figure 2.9 shows the temperature oscillation at the center of the heater-substrate

interface for silicon substrate. The heat flux at the interface is oscillating at fre-

quency of 2000 Hz. The period of the oscillating temperature can be easily deter-

mine from the plot as 5e-4 s. Thus the frequency of the oscillating temperature is

2000 Hz which is consistent with the frequency of the heat power. The magnitude

and phase of the temperature oscillation is can also determined from the plot.

The magnitude of the oscillating temperature is half of the difference between the

maximum and minimum of the plot. Figure 2.9 also suggests that the respond
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oscillating temperature has a phase shift compared to the heat power cos(2ωt).

The phase shift in figure 2.9 is 0.00027−0.00025
0.00025

× 90◦ = 7.2◦. Simulations need to be

performed for several different frequencies in order to get the frequency response

of such oscillating temperature. Figure 2.10 shows the temperature oscillation of
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Figure 2.9: Simulated oscillating temperature at the center of the heater-substrate
interface for silicon substrate with driving current at 1000Hz.

the center of the heater-substrate interface for silicon substrate at different driving

frequencies (10000Hz, 1000Hz, 100Hz, 10Hz, 1Hz from left to right). For each

frequency, the time-dependent temperature is simulated for a period. The oscil-

lating temperature is then plotted together using log scale X axis. As we can see

in figure 2.10, the magnitude of the oscillating temperature is increased as the

frequency is decreased and it turns to flat when the frequency is extremely low

(10Hz and 1Hz). According to Equation 2.20, the thermal penetration depth be-

comes comparable to the size of the substrate at sufficiently low frequency. From
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figure 2.10, we also know that the phase of the oscillating temperature is increased

as the frequency is increased.

Figure 2.10: Simulated oscillating temperature of the center of the heater-substrate
interface for silicon substrate at different driving frequency. X axis is in log scale.

This numerical approach can be extended to simulate the oscillating temper-

ature field of the heater/films/substrate system. And the simulation results can

be used to determine the temperature oscillation of the heater even if the film

thickness is comparable or larger than the width of the heater. Similar simulations

were tried for a 10 µm heater over different thickness of hafnium oxide films on

top of silicon substrate. The simulated structure is showed in figure 2.11. In order

to reduce the time consuming in running the simulation, the size of the substrate

was chosen as 150 µm in length and 100 µm in height, which is much smaller than



27

the actual size of sample used in the 3ω measurement.

10 um

Hafnium Oxide

Silicon Substrate

100um

150um

uniform heat !ux

Figure 2.11: Geometry of simulated structure which contains a 10µm heater on
top of a hafnium oxide sample. (not to scale)

For each frequency and each film thickness, the magnitude and phase of heater

temperature oscillation need to be calculated from the temperature oscillation plot.

It is difficult to interpret such simulated results. The simulation using a small

geometry (figure 2.11) is not sufficient for getting reasonable results. For further

work on such numerical approach of the 3ω method, the size of the simulated

substrate need to be carefully determined respect to the driving frequency and

thermal properties of substrate. The mesh inside thin films also need to be refined

and optimized in order to get converging and reliable solutions.

Table 2.1: Properties of materials used for the simulationsa.

Material
Density Specific heat Thermal conductivity

[kgm−3] [Jkg−1K−1] [Wm−1K−1]

Silicon 2330 711 148

HfO2 9680 120 0.78b

a Data obtained from literature [14,30–32]
b Thermal conductivity of hafnium oxide is measured.
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2.4 Thermal transportation mechanism of amorphous metals

This section is a brief literature review of the thermal conduction mechanism of

amorphous metals [33–36]. Electron and phonon are both heat carriers in metals.

Thus heat conduction in metals is due to the combined contribution of electrons

and phonon:

κ = κe + κp (2.49)

For crystalline metals, the electron contribution is dominated the phonon contri-

bution because electrons nearly free inside crystalline metals. Amorphous met-

als have a homogeneous structures without long range of order. Electrons inside

amorphous metals typically show a extremely short elastic mean free path, and

as a consequence, the electrical resistivity of amorphous metals is increased and

the electron contribution to heat conduction is reduced below the contribution of

phonon [33]. Together with the fact that structures of amorphous materials less

efficient in conducting heat compared to the crystalline structured materials, the

thermal conductivity of amorphous materials is typically lower than the thermal

conductivity of crystalline materials [22,37]. The electron contribution to the heat

conduction can be described by Wiedemann-Franz law based on the fact that the

electronic contribution to heat conduction and electrical transport both involve the

nearly free electrons inside the metal. The Wiedemann-Franz law can be expressed

as [38]:

κe =
L

ρ0

T (2.50)

where L is a constant 2.45 × 10−8WΩK−2, often named Lorenz number, T is

the temperature and ρ0 is the electrical resistivity. The Wiedemann-Franz law is

a empirical law with limitations and the value of L has been showed to be not

exactly the same for all the materials [39][013]. The Lorentz number has also been

showed to have a strong dependency on certain system parameters and the value

of L can be reduced in certain cases [40,41]. According to Equation 2.50, the heat

conduction contributed by electrons decreases as the electrical resistivity increases

and increases as the temperature increases. On the other hand, the phonon thermal
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conductivity can be further expressed as [33]:

κp = (
1

κep
+

1

κdp
)−1 (2.51)

where κep and κdp indicate the lattice thermal conductivity limited by electron and

disorder scattering respectively. A reliable model that can give the phonon thermal

conductivity of amorphous metals over a wide temperature range is still lacking.

But there are limited models that can sufficiently describing the phonon thermal

conductivity of certain amorphous insulators over a small range of temperature.

For instance, the standard tunneling model can be used to explain the T 1.8 depen-

dence of thermal conductivity of amorphous solids below 1K [42]. In this theory,

the phonon scattering at low temperatures is dominated by the resonant interac-

tion between phonon and the two level systems (TLS) [43,44]. The phonon thermal

conductivity of amorphous metals has been observed to be relatively constant over

the temperature range of interest [33, 34].

The properties or characteristics, such as thermal conductivity, resistivity and

temperature coefficient of resistance, of thin film materials is typically different

from those of the corresponding bulk materials, especially when the film thickness

is below the bulk mean free path for electrons or phonon [45]. Tab 2.1 of [22]

shows the thermal conductivity of several materials both for thin-film and bulk,

suggesting that the thermal conductivity of thin films materials is typically smaller

than that of bulk materials.

The expected value for thermal conductivity of amorphous metals, thermal con-

ductivity of several other amorphous metals from literature as well as of elements

in our materials listed in Table 2.2.
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Table 2.2: Summary: Thermal conductivity of several amorphous metals and con-

stituted elements of TaWSi from literature.

Material
Thermal conductivity

Comments
[Wm−1K−1]

Tantalum 57 bulk [46]

Tungsten 174 bulk [46]

Si 150 bulk [46]

Tb21Fe73Co6 4.5 [34]

Gd21Fe72Co7 5.5 [34]

Fe80B20 10.0 [34]

Fe32Ni36Cr14P12B6 6.6 [34]

Zr47Cu31Al13Ni9
4.5 (amorphous)

TDTR [18]
5.0 (crystalline)

Zr56.2Ti13.8Nb5.0Cu6.9Ni5.6Be12.5(at%) 5.29
Liquidmetal

Technologies [2]

Zr55Cu30Al10Ni5 5.02 bulk [47]

Zr41Ti14Cu12Ni10Be23 4.59 bulk [47]

Pd40Ni40P20 7.03 bulk [47]

Pd40Ni20Cu20P20 6.25 bulk [47]

Pd40Ni10Cu30P20 5.11 bulk [47]

The minimum thermal conductivity model has been successfully used to de-

scribe the thermal conductivity of amorphous dielectrics around 100K [35]. This

model was originally proposed by Einstein and further improved [34,35]. Einstein

treated the atomic vibrations of a solid as coupled harmonic oscillators with same

vibrating frequency. The thermal conductivity is due to the random walk between

these localized harmonic oscillators and can be expressed as [35]:

κmin = (
π

6
)1/3kBn

2/3
∑
i

vi(
T

Θi

)2

∫ Θi/T

0

x3ex

(ex − 1)2
dx (2.52)
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where kB is the Boltzmann constant, vi is the speed of sound inside the material

and Θi = vi(h̄/kB)(6π2n)1/3 with n as the number density of atoms. To calculate

the minimum thermal conductivity, the speed of sound for two transverse and one

longitudinal modes inside the solid need to estimated or simulated. This model

does not fully describe the thermal conductivity in amorphous metals because it

does not address the electron contribution and the strong electron-phonon cou-

pling effect. But it is possible to use the minimum thermal conductivity model to

roughly estimate the thermal conductivity of amorphous metals before the actual

measurements.
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Chapter 3: Instrumentation, Materials and Methods

This chapter first describes the preparation of samples for determining their room

temperature thermal conductivity via the 3ω method. The material of interest

are prepared as thin films by the combination of several deposition process. A

thin strip of metal is then deposited on the surface of the sample and functions as

both heater and thermometer. The size and uniformity of the heater are critical

to obtain reliable measurements and to determine the thermal conductivity. The

features of the heaters are patterned by photolithography and a lift-off process.

This chapter then discuss the circuits and set-up for measuring the 3ω voltage

across the heater. The temperature coefficient of resistance (TCR) is a important

parameter in converting the measured 3ω voltage to thermal resistance and de-

termining the thermal conductivity. Thus the method used to determine TCR of

heaters is also described here in details.

3.1 Sample preparation

The thermal conductivities of hafnium oxide, silicon nitride and amorphous multi-

component metals TaWSi have been determined via the 3ω method. The detailed

procedures of preparing those samples are discussed in this section. Samples of

HfOx, SiNx and TaWSi are prepared in the clean room at HP campus and the

Owen cleanroom at OSU campus. Typically a set of four samples, identical at all

aspects except the film thickness of the material, are needed to determine the ther-

mal conductivity of the material. For the amorphous metal samples, an additional

insulation layer is needed between the metal heater and the amorphous metal thin

films.
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3.1.1 Growth

The typical size of samples is 1′′ × 1′′. The substrate of samples is p-type silicon

with 〈100〉 orientation with resistivity 5-35 ohm · cm. A 100 nm thick layer of

thermally grown silicon dioxide is on top of the silicon substrate. The thickness

of the thermal oxide is 100 nm for all the samples. Thus the thermal resistance

offset caused by the thermal oxide layer can be canceled out when we isolates the

contribution of the thin film materials of interest. All the thin films of HfOx, SiNx

and TaWSi are deposited on top of the same p-Si/SiO2 substrates.

The amorphous multicomponent metals TaWSi are deposited by DC magnetron

sputtering in the cleanroom at HP campus. The DC magnetron sputtering can

deposit materials even with high melting points and the sputtered films typically

have a composition close to the target and good adhesion to the substrate. A

set of four TaWSi samples of thickness 200 nm, 250 nm, 300 nm and 400 nm

is needed to determine the thermal conductivity of TaWSi. An additional elec-

trically insulate and thermally conduct layer of hafnium oxide is needed between

the metal heater and the amorphous metal films. The hafnium oxide films are

deposited on top of the amorphous metal films by atomic layer deposition (ALD)

in the cleanroom at HP campus. The thickness of hafnium oxide is the same for

each set of TaWSi samples. ALD has very accurate control of the film thickness

but is very slow. With the concerns of possible electrically breakthrough for thin

hafnium oxide films, four sets of TaWSi samples are produced and the thickness

of hafnium oxide varies among different sets of samples. The thickness of hafnium

oxide films are 24.4 nm, 40 nm, 60 nm and 80 nm. The threshold thickness and

the suitable thickness of hafnium oxide films are experimentally determined based

on the measurements on these four sets of TaWSi samples. Figures 3.1 shows the

geometry of the amorphous metals sample.
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Figure 3.1: Substrate geometry of amorphous metals sample used in the 3ω

method.

Moreover, a set of hafnium oxide samples with different film thickness 24.4

nm, 40 nm, 80 nm are produced by atomic layer deposition at HP campus and are

used to determine the thermal conductivity of hafnium oxide as well as to provide

reference for the amorphous metal measurements. The silicon nitride samples with

different film thickness of 100 nm, 200 nm, 300 nm, 400 nm are produced in the

cleanroom at HP campus and are used to determine the thermal conductivity of

silicon nitride.

3.1.2 Heater masks

Efforts have been made previously to produce the heater by shadow-masking de-

position but the resulting features of the heater ends up not well enough for the
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3ω measurements. The heaters used in the measurements are patterned by pho-

tolithography using the mask aligner in Owen cleanroom at OSU campus. The

mask for the photolithography is produced by direct write laser lithography using

the DWL 66 tool in Owen cleanroom, with the help of Fanghui Ren from Alan

Wang’s group. The heater pattern is created using AutoCAD following the design

rules of DWL 66. Figure 3.2 shows the geometry of the heater typically used in the

3ω measurements. A long strip of metal is the heater as well as the thermometer.

Two contact pads at the end of the metal strip are used to apply a current to

the heater. Other two contact pads at the side of the heater are connected to the

heater via two strip of metal path and are used to measure the 3ω voltage as well

as the 1ω voltage across the heater. The idea of using four contact pads is similar

to the idea of 4-point probe used in resistivity measurements. The voltage probe

does not affect the current through the heater. The width of the metal path that

connect the voltage pads to the heater reduce to 5µm in order to minimize the

voltage inaccuracy caused by the finite size of metal path. In order to apply the 2D

heater solution discussed in chapter 2, the geometry of the heater must be exactly

rectangular and the length of the heater should be much larger than the width of

the heater. Any roughness at the side edge of the heater will cause inconsistency

of the heater width and limits the accuracy of the measurements. The length of

the heater is 1 mm while the width are 10 µm, 15 µm and 20 µm for different

heaters. Typically several heaters with different width can be patterned on top of

the samples, which can increase the possibilities of getting high quality heaters as

well as can determine the effects of heater width and anomalies on the accuracy of

the measurements.

The DWL 66 pattern generator is essentially a photoresist exposure system. To

make a photolithography mask, the starting mask blanks are essentially a 4′′ × 4′′

piece of glass, coated with a thin layer of chrome and topped with a very uniform

layer of photoresist. Mask blanks are then loaded into the system. The 10 mm

laser write head which can define features down to about 2.5 µm is used to expose
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selected areas to ultraviolet light based on the design file in the computer con-

troller. After the pattern, the mask is placed into a dish of developer to remove

the photoresist that was exposed to the ultraviolet light. Then the mask is placed

into a dish of chrome etchant to remove only the chrome that is no longer protected

by photoresist. The mask is finally complete after removing the remaining pho-

toresist. Due to the possible side etching when placing the mask into the chrome

etchant, the actual width of heaters on the mask is slightly greater than the de-

signed values. Thus the width of heaters must be measured individually under the

microscopy after the whole process. Two patterns are generated on different areas

of the same mask. One is written directly based on the design file while the other

one is written based on the inverting of the same design file. Thus with the same

negative photoresist, the heaters can be patterned by both lift-off and etching with

the use of different areas of the mask.

Figure 3.2: Geometry of heater used in the 3ω method
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3.1.3 Photolithography and possible procedure to improve the heater

quality

Photolithography and lift-off process have proven capable of producing usable

heaters for the 3ω measurements. Two major requirements regrading the quality of

the heater features are: uniform width and edges of the heater and good adhesion

between the deposited heater and the surface of the samples. The photolithog-

raphy process is sensitive to environment parameters, such as temperature and

humidity. They are difficult to control so it is difficult to get identical photolithog-

raphy patterns. A recipe for photolithography is presented here, but modifications

are expected. A useful and practical idea is to start the whole photolithography

process using a spare sample every time and modify the recipe accordingly.

1. The samples are first cleaned by rinsing with acetone, isopropyl alcohol (IPA)

and 18 MΩ · cm deionized water in order. Samples are blown dry with nitrogen

airbrush and baked on a 115 ◦C hot plate for 2 minutes to further remove the

remaining water. The sample cleaning is performed by acetone which is a good

organic solvent and easily evaporate. IPA is used to remove the acetone together

with dirt dissolved in acetone. DI water is then used to remove IPA. The clean-

ing procedure described here is sufficient for the samples which are produced in a

higher-class cleanroom at HP campus. A better job of sample cleaning can improve

the edges uniformity in the patterning and adhesion in the heater deposition. To

perform a more thorough cleaning, the samples can be put in acetone, IPA and DI

water in order and each for a 15 minutes ultrasonic bath.

2. Sufficient drops of MicroChem MCC 80/20 photoresist primer are put on the

sample to cover the whole surface. After 30 seconds to allow the primer spread

out the sample is spun at 3000 RPM for 10 seconds and then at 4000 RPM for 20

seconds to achieve a uniform distribution of photoresist primer. The 80/20 pho-

toresist primer can increase adhesion of photoresist to the sample surfaces and can

pre-wet the samples so the photoresist spreads more easily. It can also improve the

wet etch performance. Following this the sample is baked on a 115 ◦C hot plate

for 2 minutes.
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3. Sufficient drops of S1818 photoresist are put onto the sample to cover 2/3 of

the surface. Immediately the sample is spun at 3000 RPM for 10 seconds and

then at 4000 RPM for 20 seconds to achieve a uniform distribution of photoresist.

Air bubbles in the photoresist should be avoided because they cause nonuniform

distribution of photoresist. The thickness and uniformity of resulting photoresist

layer depends on the spinning velocity, spinning time, total amounts of photoresist,

the existence of air bubbles or dirt on samples, the length of waiting time between

application of the photoresist and starting the spinning and so on. Typically, the

resulting thickness of photoresist is about 1-2 µm and is good enough for heater

patterning. Following this the sample is soft-baked on a 85 ◦C hot plate for 2

minutes.

4. The chrome mask and the sample are aligned and brought into contact using

the SUSS MJB3 mask aligner. Then the spin-coated photoresist is exposed to

ultraviolet light through the mask for 22.5 seconds. The lamp power has been cal-

ibrated to 275 Watt. The long exposure time is because the lamp is failing and is

approaching to the end of its lifetime. The power distribution across the exposure

window is also very nonuniform. Each sample (1′′ × 1′′ size) has been placed as

close to the center of the exposure window as possible. Only heaters at the center

of the sample a good quality while the rest poor quality. The failing UV lamp is

the major obstacle to producing usable heaters.

5. The photoresist is then developed in a solution which contains 5:1 (volume ra-

tio) DI water to Microposit 351 developer. The photoresist exposed to ultraviolet

light becomes soluble and dissolves in the solution while the unexposed photoresist

remains untouched. The developing time used here is about 1 minute. The slightly

longer developing time is because the failing UV lamp has caused under-exposure

of the photoresist and longer time is needed to dissolve such under-exposed pho-

toresist. The ambient temperature also affects the developing time. By putting

the dish of developer on hot plate, the developer can be heated up to a temper-

ature slightly higher than the room temperature and is less likely be affected by

the fluctuating room temperature.
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6. After the developing, the sample is cleaned with DI water and blown dry with

a nitrogen airbrush. Then an aluminum film is deposited on top of the samples by

e-beam deposition. Follow this is a lift-off process to remove the aluminum which

sits on top of photoresist.

Figure 3.3 shows an example of bad featured heater. The bright area of the

heater is much larger than the designed size and is clearly underexposed, suggesting

that the photoresist is exposed to diffracted UV light. Thus the mask and the

sample are actually not in contact during UV exposure. More specifically: The

sample is held to the stage by vacuum to increase stability of samples during

the exposure. The size of our sample is smaller than the stage so several other

spare substrates have been used to cover the open vacuum holes. The extra spare

substrates are imperceptibly thicker than the sample so the mask is not in contact

with the sample. So the spare substrates used to cover vacuum holes of the stage

need to be thinner than the sample. The mask can get photoresist residue or

Figure 3.3: An example of bad heater

other dirt when brought into contact with the sample during exposure. The mask

must be cleaned with acetone, IPA and DI water after every use to maintain the

usability.

The adhesion of the heater to the sample is critical for the thin film measure-
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ments. Several procedures can be taken to improve the adhesion of the heater:

soft-bake for 2 minutes after developing to further dry out the samples; hydrogen

plasma cleaning of the samples after developing; instead of a lift-off process, first

depositing the aluminum films and then perform an aluminum etching after the

photolithography.

3.1.4 Heater deposition

The heater also acts as a thermometer by measuring the temperature-dependent

resistance of the heater. The typical temperature rise of the heater during the

3ω measurements is about or even smaller than 1 K. Metals with high resistivity

and large temperature coefficient of resistance (TCR) are preferable for the heater

material to maximize the magnitude of the 3ω voltage signal. The resistivity and

TCR of deposited metal films depend especially on the deposition process and can

be significantly different from the bulk value for metals that can easily oxidize

during deposition. Nevertheless, the resistivity and TCR of bulk metals can be

used as reference to find the suitable material for the heater. The adhesion of

heater to the substrate is extremely important for thin film measurements because

a good adhesion will reduce the mismatch of phonon velocity at the interface and

as a result reduce the interface thermal resistance. Aluminum and nickel are both

good candidate for the material of the heater. Aluminum has been chosen because

it has been proved to be a reliable heater material in previous measurements. The

heaters are deposited by electron beam evaporation performed by Greg Angelos

from John Wager’s group. With the width of the heater as 10 µm, 15 µm or 20

µm and the length of the heater as 1 mm, the thickness of the aluminum is chosen

as 180 nm to make the heater resistance reasonably large. E-beam deposition has

several advantages compared to thermal deposition: the particle of the e-beam

deposition has a higher kinetic energy and can achieve a better adhesion of the

aluminum film to the sample; heaters deposited by e-beam is more uniform at the

edges because the lack of shadowing in the thermal deposition; e-beam tool has

a better vacuum and can decreases the possibilities of aluminum oxidation during
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the deposition.

3.1.5 Lift-off and wet etching

After the e-beam deposition of the aluminum films, unwanted aluminum remains on

top of the photoresist. To remove the aluminum/photoresist layer, the samples are

immersed in acetone with the aluminum side facing downwards for at least an hour.

The photoresist dissolves in acetone and gravity pulls the unwanted aluminum off

as shown in Figure 3.4. Then the samples rinsed with clean acetone to remove

most of the aluminum/photoresist layer. Follow this the sample is immersed in

acetone again for a 4 minutes ultrasonic bath to remove the small piece of remaining

aluminum/photoresist layer. The lift-off process requires adding a photoresist layer

Container

Acetone

Sample

Aluminum !lm side

Figure 3.4: Schematic of lift-off process

before depositing the aluminum films, which might resulting in bad adhesion of

the aluminum layer to the substrate. Aluminum wet etching has also been tried

to produce the heaters. An aluminum film with thickness of 180 nm is directly

deposited to the surface of the sample by e-beam deposition. Then the heater
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pattern is generated by photolithography using the recipe discussed above with

several modifications. After the developing, the samples are hard-baked on a 115
◦C hot plate for 4 minutes. For longer hard bake time, the photoresist can hold

up longer against the aluminum etchant. The aluminum is slightly more reflective

than the insulation layer, thus the exposure time for the aluminum etching process

should also be slightly shorter. The exposure time and developing time used for

the wet etching process is 15 seconds and 68 seconds respectively. The exposure

time of the wet etching process is shorter than the exposure time for the lift-off

process, and the reason for that is basically the mask for the wet etching is in the

center area of the exposure window while the mask for the lift-off process is off the

center where the exposure power is dramatically dropped.

3.2 3ω Measurements

In this section, the circuitry and instruments used in the 3ω measurements are

discussed in detail. The 3ω measurement system is build by River Wiedle and

Mark Warner and has been demonstrated to be capable of measuring thermal

conductivity of bulk and thin film dielectrics [21]. Since the 3ω signal from the

amorphous metal films is smaller than that from the dielectric films, the system

has been carefully calibrated and improved to extend the capability to measure

thermal conductivity of amorphous metals.

3.2.1 Circuitry

Figure 3.5 shows the schematic of circuits used in the 3ω measurement system. The

heater is connected in series with a adjustable matching resistor and a 1Ω resistor

through the current contact pads and the whole chain of resistors is driven by a 1ω

AC voltage generated by the internal function generator of the lock-in amplifier.

Three instrumentation amplifiers (INA128 obtained from Texas Instruments) are

used to probe and isolates the third harmonic voltage as well as 1ω voltage and

1ω current. Amplifier C in figure 3.5 has a unity gain and is used to sense the 1ω
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current through the heater. Amplifier B in figure 3.5 also has a unity gain and is

used to obtain the oscillating voltage from the voltage contact pads which contains

both 1ω and 3ω components. Amplifier A has a adjustable gain and is used to

produce a signal including only 1ω part. The matching resistor and amplifier A

are adjusted together to obtain such a 1ω voltage that matches with the 1ω part

across the heater. The V1ω and I1ω signals obtained from amplifier B and C are

displayed in Agilent DSO-X 2002A oscilloscope and their RMS values are measured

by Keithley 195A and Tektronix DM 5120 digital multimeters respectively. Both

signals from amplifier B and A are fed into the lock-in amplifier which extracts the

third harmonic voltage, also displayed on a Tektronix 2205 oscilloscope. The lock-

in amplifier is SR850 from Standford Research Systems with a bandwidth range

from 1 mHz to 102.4 KHz (3ω), so that the maximal possible driving frequency is

about 34 KHz (1ω).

Figure 3.5: Schematic of circuits used in 3ω measurement system
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3.2.2 Procedure

A set of pogo pins pushed down to the contact pads connects the heater into the

3ω measurement system. The amplitude of the voltage generated by the lock-

in amplifier is set as 5 Vrms with a 50 Ω output impedance. And the effective

voltage across the heater varies with the resistance of the heater. The frequency

response of the in-phase and out-of-phase components of 3ω voltage as well as the

1ω voltage and 1ω current are measured and plotted using a LabVIEW program.

Before taking automated measurements, the system especially the lock-in amplifier

needs to be configured as following:

1. The resistance of the matching resistor is adjusted to maximum value below the

sample resistance. Then the gain of amplifier B is adjusted to cancel out all the

1ω part.

2. “Coupling” from the “INPUT FILERS” menu is set to “DC”; “Time Constant”

from the “GAIN TC” menu is set to “3 seconds”; “Filter” from “GAIN TC” menu

is set to “24 dB/oct”; “Reserve” from the “GAIN TC” menu is set to “MAX”.

3. To find out the reference phase for the third harmonic voltage. The initial phase

φ0 of the driving voltage is determined: “Harmonic” from the “REF PHASE”

menu is set to “1”, “Source” from the “INPUTER FILTERS” menu is set to “A”,

“Sensitivity” from the “GAIN TC” is set to minimum value, then the out-of-phase

component of 1ω voltage is set zero by pressing the “AUTO PHASE” button.

Secondly the reference phase for the third harmonic voltage is set to three times

its displayed value according to equation 2.5. Finally, the “Harmonic” from “REF

PHASE” menu is set back to “3”, the “Source” from the “INPUTER FILTERS”

menu is set to “A-B”, the “Sensitivity” from the “GAIN TC” menu is set to its

possible maximum value such that maximum measured voltage is still in the range.

The LabVIEW program also includes a signal stabilization routine which can

ensure the locked 3ω signals have actually settled before the data points are

recorded.
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3.2.3 Temperature coefficient of resistance (TCR) measurements

Temperature coefficient of resistance (TCR) is a critical parameter in the 3ω mea-

surements because it converts the measured 3ω voltage to a oscillating temperature

rise from which the thermal properties of substrates and thin films. TCR of de-

posited metal films depends heavily on the deposition process and can be quite

different from the bulk values and must be experimentally determined. For the

TCR measurements, the same circuitry are used and a small K-type chromel-

alumel thermocouple is attached to the surface of the samples by nail polish at a

position close to the heater. The substrate is placed on top of a cooper block with

one high-ohmic heater embedded in the block. During the TCR measurements,

the samples are heated up from room temperature to about 10 degrees above the

room temperature. A portable thermocouple to analog connector is used convert-

ing signal measured by the thermocouple to analog signals that can measured and

recorded by the digital multimeter. Data points are taken with 0.3◦C-steps while

the cooper block is heated up, including the temperature of the heater measured

by the thermocouple mounted close to the heater, the RMS voltage and RMS

current of the heater measured by Keithley 195A and Tektronix DM 5120 digital

multimeter respectively. The resistance of the heater is calculated from measured

RMS current and RMS voltage. Then the temperature coefficient of resistance is

determined from:

α =
1

R0

dR(T )

dT

where R0 is the resistance of the heater during the 3ω measurements and dR(T )
dT

is

the slope of the linear fitted line of resistances to temperatures.
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3.2.4 Improvements to the measurements of 1ω voltage and 1ω cur-

rent

The previous set-up of 3ω measurement system has a big inaccuracy issue in RMS

1ω voltage and 1ω current measurements. The effective 1ω voltage and 1ω current

across the heater depends on the resistance of the heater but doesn’t depend on

the frequency of the driving current, suggesting that the magnitude of V1ω and

I1ω should remains constant for one heater regardless of the driving frequency. As

figure 3.6(a) and figure 3.6(b) showed, our previous measured RMS V1ω and I1ω

is very fluctuated respect to frequency and the deviation is much larger than the

order of electrical noise. V1ω and I1ω are both important parameters needed in

converting 3ω voltage to thermal resistance and to determine the thermal conduc-

tivities. The thermal resistance calculated using the fluctuated V1ω and I1ω is very

problematic and shows no trend respect to frequency as expected. The average of

V1ω and I1ω are used in previous measurement as alternatives. To address whether

the 3ω method fails for certain materials or our system is not capable of measuring

V1ω and I1ω accurately, efforts has been made to diagnose and calibrate the 3ω

measurement system. And the cause of the issue turns out to be extremely simple.

Previously the Agilent DSO-X 2002A oscilloscope is programmed to measure the

RMS V1ω and RMS I1ω and it has two modes for calculating the RMS amplitude

of the input signal. One determine the RMS amplitude using one period of the

waveform while the other one used the full-screen waveform. As the frequency of

driving current changes, the portion of the full-screen waveform is different thus

the calculated RMS amplitude can be dramatically fluctuated. Figure 3.6(a) and

figure 3.6(b) also showed the RMS V1ω and RMS I1ω measured by the oscilloscope

using only one cycle of the waveform. Moreover, two more accurate digital multi-

meter Keithley 195A and Tektronix DM 5120 have been added to the system for

accurately measurements of the RMS V1ω and I1ω of the heater. Clearly we can see

that the standard deviation of V1ω and I1ω drops below 0.1% after the instrumental

improvements. And in Chapter 4, we will also show that the fluctuation of the

V1ω after the instrumental improvements is negligible in calculating the thermal
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conductivity of thin-film TaWSi.

(a) Fluctuation in V1ω at different frequency (b) Fluctuation in I1ω at different frequency

Figure 3.6: (a) Data labeled with ”V1ω old” and ”V1ω new”show the fluctuation of
1ω voltage before and after the instrumental improvements respectively; (b) Data
labeled with ”I1ω old” and ”I1ω new”show the fluctuation of 1ω current before and
after the instrumental improvements respectively.

3.2.5 Probe stage with the micromanipulator

Micromanipulators have been added to the 3ω measurement system to improve

the reproducibly of the measurements and to improve the accuracy of the TCR

measurements. It is very tricky and difficult to properly connected the samples

into the measurement circuit using the pogo pins and the set up as showed in

figure 3.7.

Figure 3.7: Side view of pogo pins and set-up for connecting the sample into the

3ω measurement system.
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The position where the pogo pins pushed down to the contact pads and the

amount of force that the pogo pins applied to the aluminum films are both un-

controllable. Figure 3.8 shows the image of the contact pads after the 3ω mea-

surements. For this particular heater, it becomes much more difficult to make

Figure 3.8: Image of the voltage contact pad of a heater after several measurements
under 5X microscopy

good connection between the samples and the pogo pins and the measured data

can be problematic. It is also very difficult to mount a thermocouple as close as

possible to the heater during the TCR measurements. As we can see in figure 3.9,

sometimes the temperature measured by the attached thermocouple can also be

different from the actual temperature of the heater because the thermocouple is

blocked by the pogo pins and can not be mounted sufficient close to the heater.

Figure 3.9: Example of thermocouple mounted to area far away from the heater.
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(a) probe stage (b) zoom out view

Figure 3.10: (a) Image of probe stage with five XYZ 300 micropositioner; (b) Zoom
out view of the sample holder and probes.

Figure 3.10(a) and figure 3.10(b) shows the schematic of the probe stage that

will be added to the 3ω measurement system. The base is a magnetic metal plate.

Four XYZ 300 micropositioner from Quater-Research are used to move probes to

the four contact pads of the heater. One XYZ 300 micropositioner are used to

mount the thermocouple. Figure 3.11 shows how the thermocouple is mounted to

the micropositioner (build by Mark Warner). With this set-up, the thermocouple

can be mounted very close to the heater and without using any glue or nail polish.

Beryllium copper needles instead of tungsten needles are used as the probes. The

signal obtained from the beryllium copper needles can be directed output to the

instruments with BNC connector.
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Figure 3.11: Image of the thermocouple probe controlled by a XYZ 300 micropo-

sitioner.

The temperature obtained from the thermocouple is feed back to a Omega

programmable temperature controller which controls the heating current of the

high-ohmic heater that embed inside the copper block. Thus the temperature can

be accurately controlled during the TCR measurements.
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Chapter 4: Results

4.1 Thermal conductivity measurements of hafnium oxide

24.4 nm, 60 nm, and 80 nm thickness of hafnium oxide thin film are deposited

on top of p-type silicon substrate with 100 nm thickness thermal oxide (SiO2)

by atomic layer deposition at HP. The aluminum heater with a thickness of 180

nm was deposited by e-beam deposition in the Owen cleanroom. The length of

heaters is 1 mm while the width of heaters can be 5 µm, 10 µm, 15 µm, 20 µm.

The thermal resistance increase caused by the hafnium oxide thin film does not

depend on the width of heaters. From Equation 2.42, by choosing a heater with

smaller width, the magnitude of third harmonic V3ω is larger, which will be easier

to discern and measured by the lock-in amplifier. The 5 µm heaters can be easily

destroyed during lift-off process and the roughness of 5 µm heaters is relatively

more significant for other heaters. Thus the most reliable results come from V3ω

measurements and TCR measurements on 10 µm heaters. The reason for choosing

same width heaters from different samples is to minimize any possible variations

caused by the size difference of heaters, including the variations of TCR.

4.1.1 Temperature coefficient of resistance

The temperature coefficient of resistance (TCR) α is an important parameter to

determine the thermal conductivity of both the substrate and hafnium oxide. Be-

cause the variation of TCR depends on the thin film geometry, the value of TCR

of the aluminum heater cannot be looked up in literature and we need to experi-

mentally determine the TCR value.
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Figure 4.1: Resistance R of heater in dependence of temperature T. Resistance

during 3ω measurement is 22.2 Ω. Temperature coefficient of resistance is 0.00397

K−1.

Figure 4.1 shows the resistance R of a heater as a function of temperature.

The heater was picked from 60 nm HfOx sample. The geometry of heater is 1 mm

in length, 7.86 µm in width and 180 nm in thickness. The width was measured

by microscopy under 150×-amplification. The sample was put on top of a copper

stage. A small K-type-chromel-alumel thermocouple was mounted on the surface

of the sample close to the heater (approximately 3 mm distance) to determine the

temperature of the heater. While the sample was heated up by the copper stage,

the Vrms and Irms was measured every 0.3 ◦C from 26 ◦C to 37 ◦C. Linear fitting of

the data points gives the slope dR
dT

=0.0882 Ω
K

with an fraction error of 2.2%. Using

the resistance during V3ω measurements R0, the TCR is

α =
1

R0

dR

dT
=

0.0882

22.2
= 0.00397K−1
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4.1.2 3ω voltage and thermal conductivity of substrate

Figure 4.2 shows the in-phase and out-of-phase components of 3ω voltage. The

data come from measurement on a 10 µm heater on 80 nm HfOx sample. The

in-phase component V3ω,x is linearly proportional to the driving frequency in log

scale. While the out-of-phase component is almost constant at the frequency range

of 200 Hz to 2000 Hz. Using Equation 2.43, The inverse slope gives the thermal

conductivity of p-type silicon substrate as 153 Wm−1K−1 with total fraction error

of 6.8%. Our measured value lies in the range of thermal conductivity of p-type

silicon substrate as reported in literatures [16,48].

Figure 4.2: In-phase and out-of-phase components of 3ω voltage. The inverse slope

gives the thermal conductivity of p-Si as 153 Wm−1K−1 with total fractional error

of 6.8%.

4.1.3 Thermal conductivity of thin-film hafnium oxide

Figure 4.3 shows the in-phase thermal resistance vs. driving frequency for hafnium

oxide samples with different thickness. Measurements was conducted on two differ-

ent 10µm width heaters for each thickness. Figure 4.4 plots the average in-phase
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thermal resistance vs. the film thickness of HfOx. As expected, the addition of

a HfOx thin film only adds a frequency independent in-phase thermal resistance

increase. Based on Equation 2.47, the thermal conductivity of hafnium oxide thin

film is 0.78 (±0.05) Wm−1K−1. The intercept ∆Ri = 87.2m2KGW−1 is the con-

tribution of thermal resistance presented at the interface of substrate-film and

film-heater.

Figure 4.3: Thermal resistance vs. driving frequency for a series of HfOx films on

p-type silicon.
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Figure 4.4: Average thermal resistance vs. df for a series of HfOx films on p-type

silicon.

Panzer et al. [49] reports a thickness dependent room-temperature intrinsic

thermal conductivity of thin-film HfO2 as 0.49 to 0.95 Wm−1K−1 for films of

thickness from 5.6 to 20 nm. The intrinsic HfO2 thermal conductivity depends on

the film thickness and post-deposition processing, deviating from both bulk values

and the measurements of effective film thermal conductivities.

Table 4.1: Results: thermal conductivity of hafnium oxide films

sample width of heater
thermal conductivity

[Wm−1K−1]

HfO2 10 µm heater 0.78±0.05
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4.2 Thermal conductivity measurements of amorphous metal thin

film TaWSi

TaWSi films of thickness 200 nm, 250 nm, 300 nm and 350 nm were deposited

on p-type silicon substrate with 100 nm thermal oxide (SiO2) by DC magnetron

sputtering at Hewlett Packard Laboratory (HP). Then a thin layer of hafnium

oxide was deposited on top of the TaWSi films by atomic layer deposition at HP,

providing insulation between the aluminum heater and the TaWSi films. Four

different thicknesses (24.4 nm, 40 nm, 60 nm, 80 nm) of HfOx were tried to find

out sufficient thickness for the insulation layer. The aluminum heater with a

thickness of 180 nm was deposited by e-beam deposition in the cleanroom facility

in Owen Hall at Oregon State University. The results are summarized in Table 4.2,

which shows that the 80-nm HfO2 was optimum. The 40-nm HfO2 layer gave

consistent results, but we suspect a labeling error in this experiment, so results

must be treated with caution. The 24.4-nm HfO2 proved too thin and breakthrough

occurred. The results are presented separately in the following sections.

Table 4.2: Results: thermal conductivity of amorphous TaWSi films

sample insulation layer width of heater
thermal conductivity

[Wm−1K−1]

TaWSi 80 nm HfO2 10 µm heater 2.39±0.27

TaWSi 80 nm HfO2 15 µm heater 2.40±0.40

TaWSi 80 nm HfO2 20 µm heater 2.85±0.60

TaWSi 40 nm HfO2 10 µm heater 2.93±0.30a

TaWSi 24.4 nm HfO2 10 µm heater 2.14±0.22b

a possible mislabeling [inconclusive result] b heater easily get breakthrough

4.2.1 Thin-film TaWSi samples with 80 nm of HfOx insulation layer

The most reliable results were obtained from V3ω measurements and TCR mea-

surements on 10 µm heaters. Measurements were conducted on 15 µm and 20 µm
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heaters for comparison.

4.2.1.1 Temperature coefficient of resistance

Figure 4.5 shows the resistance R of a heater in dependence of temperature. The

heater was picked from 250 nm TaWSi sample. The geometry of heater is 1 mm

in length, 17.1 µm in width and 180 nm in thickness. The width was measured

by microscopy under 150×-amplification. The sample was put on top of a copper

stage. A small K-type-chromel-alumel thermocouple was mounted on the surface

of the sample close to the heater (approximately 3 mm distance) to determine the

temperature of the heater. While the sample was heated up by the copper stage,

the Vrms and Irms was measured every 0.3 ◦C from 23 ◦C to 35 ◦C. Linear fitting

of the data points gives the slope dR
dT

=0.0408 Ω
K

with an fraction error of 0.4%.

Figure 4.5: Resistance R of heater in dependence of temperature T . Heater resis-

tance during 3ω measurements is 10.98 Ω. Temperature coefficient of resistance is

0.00371 K−1.
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Using the resistance during V3ω measurements R0, the TCR is

α =
1

R0

dR

dT
=

0.0408

10.98
= 0.00371K−1 (4.1)

The value obtained here is slightly smaller than previous measurements. The

fraction error in linear-fitted slope is much smaller. This is a result of bring in two

new digital meters for more accurate measurements of Vrms and Irms.

4.2.1.2 3ω voltage and thermal conductivity of substrate

Figure 4.6 shows the in-phase and out-of-phase components of the 3ω voltage.

Figure 4.6: In-phase and out-of-phase components of 3ω voltage. The inverse

slope gives thermal conductivity of p-Si substrate as 150.7 Wm−1K−1 with total

fractional error 3.4%.

The data come from measurement on a 17.1 µm heater on a 250 nm TaWSi sam-

ple with an 80 nm HfOx insulation layer. The in-phase component V3ω,x is linearly

proportion to the driving frequency log scale. The slope can be used to calculate
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the thermal conductivity of the p-type silicon substrate as 150.7 Wm−1K−1 with

total fractional error of 3.4%. This value is consistent with previous measurements

on HfOx samples and TaWSi samples with 40 nm HfOx.

4.2.1.3 Thermal conductivity of thin-film TaWSi; measurements on

10 µm heaters

Figure 4.7 shows the in-phase thermal resistance vs. driving frequency for TaWSi

samples with different thicknesses. Previously measured data for 80 nm HfOx

sample (no TaWSi) is also plotted here as reference. Measurements were conducted

on 10µm width heaters for each thickness. Figure 4.8 plots the average in-phase

thermal resistance vs. the film thickness of TaWSi. The previously measured

data for 80 nm HfOx is plotted as zero thickness of TaWSi. As expected, the

addition of a TaWSi thin film only adds a frequency independent in-phase thermal

resistance. Based on Equation 2.47, the thermal conductivity of TaWSi thin film

is 2.39 (±0.27) Wm−1K−1. The linear fit here was based on all the five data

points, including reference data point of 80 nm HfOx samples. The error bar in

figure 4.8 includes the statistical error of V1ω, and I1ω, as well as the standard

deviation of width and length of the heater used in measurements. The error

thermal conductivity contains the error in linear regression with error bar as well

as the systematic error TCR.
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Figure 4.7: Thermal resistance vs. driving frequency for a series of TaWSi films

on p-type silicon with 80 nm HfOx. Previous measured data for 80 nm HfOx is

also plotted here as reference.

Figure 4.8: Average thermal resistance vs. df for a series of TaWSi films on p-type

silicon with 80 nm HfOx.
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4.2.1.4 The influence of the V1ω and I1ω fluctuations

According to Equation 2.42, an accurate ac root mean square voltage measurement

is essential for converting the 3ω voltage to thermal resistance. We improved the

system by adding two new digital meters with higher accuracy (Keithley 195A and

Tektronix DM5120 in Figure 3.5). As we know that

Rth =
∆TAC
Q

where Q = V1ωI1ω
2bl

. V1ω and I1ω are assume constant during each measurement

regardless of the driving frequency, but in practice fluctuate due to electrical noise.

The typical standard deviation of Q during each measurement is about 0.1%.

Figure 4.9 and figure 4.10 plot the thermal resistance increase for a series of TaWSi

films with various film thickness at different driving frequencies. Figure 4.9 use

measured Q in converting V3ω to temperature rise ∆TAC . Figure 4.9 shows the

fluctuations in ∆Rth at different frequency due to the electrical noise of V1ω and

I1ω. While in figure 4.10, average Q is used for converting the third harmonic

voltage V3ω to temperature rise ∆TAC .

Figure 4.9: Thermal resistance offset ∆Rth vs. driving frequency for a series of

TaWSi films; Measured Q is used to convert V3ω to temperature rise ∆TAC .
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Figure 4.10: Thermal resistance increase ∆Rth vs. driving frequency for a series

of TaWSi films; Average Q is used to convert V3ω to temperature rise ∆TAC .

Figure 4.11: Thermal resistance increase ∆Rth vs. df for a series of TaWSi films on

p-type silicon with 80 nm HfOx. Measured Q is used to convert V3ω to temperature

rise ∆TAC .
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Figure 4.12: Thermal resistance increase ∆Rth vs. df for a series of TaWSi films on

p-type silicon with 80 nm HfOx. Average Q is used to convert V3ω to temperature

rise ∆TAC .

Figure 4.11 and figure 4.12 plot the thermal resistance increase ∆Rth vs. the

film thickness df for a series of TaWSi films. ∆Rth obtained from calculating

thermal resistance offset at different frequency were plotted in the same graphs.

Figure 4.11 use the measured heat flux Q in converting V3ω to temperature rise

∆TAC while figure 4.12 use the average Q. The linear fit of data points in figure 4.11

and figure 4.12 both yields the thermal conductivity of TaWSi as 2.67 Wm−1K−1.

The linear fit here was based on four data points, not including reference data point

of 80 nm HfOx samples. Figure 4.11 and figure 4.12 also suggest that the electrical

noise in V1ω and I1ω is too small to cause a discernible error in calculating the

thermal conductivity of thin-film TaWSi. The intercept ∆Ri = 0.0129 m2KMW−1

is the contribution of thermal resistance presented at the interface of SiO2/TaWSi

and TaWSi/HfOx, subtracting the contribution of thermal resistance presented at

the interface of SiO2/HfOx.
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4.2.1.5 TCR measurements on multiple heaters

Typically, the temperature coefficient of resistance (TCR) of thin-film aluminum

is smaller than the value of bulk aluminum (0.00429 K−1) and it may depend

on deposition conditions[reference]. We measured the TCR of multiple heaters

with 10 µm, 15 µm and 20 µm width on various TaWSi samples with different

thicknesses. The largest value is 0.00445 K−1 and the smallest value is 0.00360

K−1. The TCR of the 300 nm TaWSi sample was larger than the TCR of bulk

aluminum, which suggests that there is a significant error in the measurement of

a particular TCR. According to Equation 2.42, the thermal resistance is described

as

Rth =
4bl

V 2
1ωI1ω

1

α
V3ω,x

The TCR α is important in converting the in-phase 3ω voltage to thermal resistance

Rth. In figure 4.13 we plot the average thermal resistance vs. df for a series of

TaWSi films on p-type silicon. The TCR measured for the particular heater is

used to convert the third harmonic voltage to thermal resistance. These plots do

not show consistent linear relation between the average thermal resistance and the

film thickness. The situation is improved if we use the average TCR for all heaters

of the same width (excluding the anomalously large TCR of the 300 nm sample) to

calculate the thermal resistance and this is shown in Figure 4.14 for the same data

as in Figure 4.13. Now the average thermal resistance shows the expected linear

relation to thickness and there is an systematic offset between thermal resistances

measured from heaters with different width. The reasons for the offset may came

from the different contributions of thermal resistance presented at the interface

between HfOx insulation layer and heaters of different width. Another possible

reason is that as the width of heaters increase, the magnitude of third harmonic

decreases, making it more difficult to discern and measuring the V3ω. Thus as the

width of heater increases, the error of thermal resistance is greater and that may

account for the offset we see in figure 4.14.
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Figure 4.13: Average thermal resistance vs. df for a series of TaWSi films on p-

type silicon with 80 nm HfOx. Measured TCR for each particular sample is used

to convert the third harmonic V3ω,x to thermal resistance.

Figure 4.14: Average thermal resistance vs. df for a series of TaWSi films on p-type

silicon with 80 nm HfOx. Average TCR for a given width is used for converting

the third harmonic V3ω,x to thermal resistance.
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4.2.1.6 Measurements on heaters with 15 µm and 20 µm width

Figure 4.15 shows the average in-phase thermal resistance vs. the film thickness of

TaWSi. Data in figure 4.15 were obtained from measurements on heaters with 15

µm width. As expected, average thermal resistance is linearly proportion to the

film thickness. Based on Equation 2.47, the thermal conductivity of TaWSi thin

film is 2.40 (±0.40) Wm−1K−1. The error bar in figure 4.15 includes the statistical

error of V1ω, and I1ω, as well as the standard deviation of width and length of the

heater used in measurements. The error in the thermal conductivity includes the

error in linear regression with error bar as well as the systematic error of TCR.

Figure 4.15: Average thermal resistance vs. df for a series of TaWSi films on

p-type silicon. Results obtained from measurements on 15 µm width heaters.

Figure 4.16 shows the average in-phase thermal resistance vs. the film thickness

of TaWSi. Data in figure 4.16 were obtained from measurements on heaters with

20 µm width. As expected, average thermal resistance is linearly proportion to the
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film thickness. Based on Equation 2.41, the thermal conductivity of TaWSi thin

film is 2.85 (±0.60) Wm−1K−1. The error bar in figure 4.16 includes the statistical

error of V1ω, and I1ω, as well as the standard deviation of width and length of the

heater used in measurements. The error of thermal conductivity including the

error in linear regression with error bar as well as the systematic error of TCR.

Figure 4.16: Average thermal resistance vs. df for a series of TaWSi films on

p-type silicon. Results obtained from measurements on 20 µm width heaters.

4.2.2 Thin-film TaWSi samples with 40 nm of HfOx insulation layer(inconclusive

result)

As we mentioned earlier, the 40-nm HfO2 layer gave reasonable results, but we

suspect a labeling error in this experiment. The results for this particular set of

sample must be treated with caution. This inconclusive result is present here for

comparison with the measurements on 24.4-nm and 80-nm HfO2 samples. All the
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results were obtained from V3ω measurements and TCR measurements on 10 µm

heaters.

4.2.2.1 Temperature coefficient of resistance

Figure 4.17 shows the resistance R of a heater on TaWSi samples with 40 nm

HfOx in dependence of temperature. Linear fitting of the data points gives the

slope dR
dT

=0.0903 Ω
K

with an fraction error of 3.2% and the resistance of heater is

22.9 Ohm. Thus the temperature of coefficient is 0.00395 K−1. The TCR value

measured here is consistent with previous measurements of heaters on hafnium

oxide.

Figure 4.17: Resistance R of heater in dependence of temperature T. Heater resis-

tance during 3ω measurement is 22.9 Ω and temperature coefficient of resistance

is 0.00395 K−1.
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4.2.2.2 3ω voltage and thermal conductivity of substrate

Figure 4.18 shows the in-phase and out-of-phase components of 3ω voltage. The

data were obtained from measurements on a 10 µm heater on 350 nm TaWSi

sample with 40 nm HfOx as insulator. The inverse slope yields the thermal con-

ductivity of p-type silicon substrate as 158 Wm1K1 with total fractional error of

8.7%. The values of thermal conductivity of p-type silicon measured here is consis-

tent with previous measurements on hafnium oxide samples with the quoted error

bars.

Figure 4.18: In-phase and out-of-phase components of 3ω voltage. The inverse

slope gives the thermal conductivity of p-Si substrate as 158 Wm−1K−1 with total

fractional error of 8.7%.

4.2.2.3 Thermal conductivity of TaWSi films

Figure 4.19 shows the in-phase thermal resistance vs. driving frequency for TaWSi

samples with different thicknesses. Figure 4.20 plots the average in-phase thermal

resistance vs. the film thickness of TaWSi. The results are abnormal in that the
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thermal resistance rise caused by thinner TaWSi films is larger than that of thicker

TaWSi films, suggesting a possible mislabeling of thickness during ALD deposition,

a mix up of ordering of samples during photolithography. In figure 4.21, we re-plot

the average in-phase thermal resistance vs. the rearranged film thickness of TaWSi

based on the assumption that the thickness of samples is indeed mislabeled. The

inverse of the slope gives a value of 2.93 Wm−1K−1 which is consistent with the

80-nm HfO2 samples, but it was calculated by changing the film thickness based

on an assumption of an error. The possible way to confirm the thickness of TaWSi

in these four samples is cross-sectional TEM, but due to high cost of TEM and

the availability of other TaWSi samples, we decided to start measurements on new

samples.

Figure 4.19: (a)Thermal resistance vs. driving frequency for a series of TaWSi

films on p-type silicon. 40 nm HfOx used as insulator.
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Figure 4.20: (b)Average thermal resistance vs. df for a series of TaWSi on p-type

silicon. 40 nm HfOx used as insulator.

Figure 4.21: Average thermal resistance vs. df for a series of TaWSi on p-type

silicon. 40 nm HfOx used as insulator. Based on the guess that 200 nm and 250

nm TaWSi sample were mixed with 300 nm and 350 nm respectively.
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4.2.3 Thin-film TaWSi samples with 24.4 nm of HfOx insulation

layer

There is a problem with these 24.4-nm HfO2 layer samples because of breakthrough

during the 3ω measurements. The results are still presented here for completeness

to make a record of potential problems. 24.4 nm of HfOx is deposited on top of

various thickness TaWSi films. All the results was obtained from V3ω measurements

and TCR measurements on 10 µm heaters.

4.2.3.1 Temperature coefficient of resistance

Figure 4.22 shows the resistance R of a heater on TaWSi samples with 24.4 nm

HfOx in dependence of temperature. Linear fitting of the data points gives the

slope dR
dT

= 0.1096 with an fraction error of 7.4% and the resistance of heater is

48.5 Ohm.

Figure 4.22: Thermal resistance vs. driving frequency for a series of TaWSi films

on p-type silicon. 24.4 nm HfOx used as insulator. The heater resistance during

3ω measurement is 48.5 Ω and the temperature coefficient of resistance is 0.0023

K−1.
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Thus the temperature of coefficient is 0.0023 K−1 from the measurements. The

TCR value measured here is far different from previous measurements.

4.2.3.2 3ω voltage

Figure 4.23 shows the in-phase and out-of-phase components of 3ω voltage.

Figure 4.23: In-phase and out-of-phase components of 3ω voltage.

4.2.3.3 Thermal conductivity of TaWSi films

Figure 4.24 shows the in-phase thermal resistance vs. driving frequency for TaWSi

samples with different thickness. Figure 4.25 plots the average in-phase thermal

resistance vs. the film thickness of TaWSi. The measured resistance of heaters in

these four samples was almost twice of measured values on previous samples for

heaters with same length and same width, suggesting the thickness of aluminum



74

is much thinner than previous samples. A set of pogo pins were used to screw

down to the voltage pads and current pads of the heaters, connecting the sample

to the circuit. To ensure a good connection, pogo pins were pushed towards the

samples. Because of the much thinner layer of aluminum, the pogo pins can easily

beak through the aluminum layer and even the 24.4 nm HfOx layer when pushing

the pogo pins for better connections. During the measurements, the resistance

of heater drops a lot at the point of pushing the pogo pins towards the samples,

suggesting a break through of the 24.4 nm HfOx layer by pogo pins. Most heaters

was destroyed during 3ω measurements. The fact that the heater resistance is

higher than the previous samples indicates the applied voltage across the heater

didn’t breakthrough the 24.4 nm HfOx thin film. The fact that thin layer of

aluminum is easily break through by pogo pins suggests a thicker layer (at least

180 nm based on previous measurements) of aluminum is also essential.

Figure 4.24: Thermal resistance vs. driving frequency for a series of HfOx films

on p-type silicon.
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Figure 4.25: Average thermal resistance vs. df for a series of HfOx films on p-

type silicon. Heater resistance for this set of samples is higher than previous one.

Applied voltage did not breakthrough the 24.4 nm HfOx insulation layer.

From figure 4.25, the inverse slope yields the thermal conductivity of TaWSi as 2.14

Wm−1K−1 with 10.5 % total fractional error. As we can see from figure 4.22, the

TCR measurement has a large fractional error than typical value. And only three

different thicknesses of TaWSi were used in determining the film thermal conduc-

tivity, which makes the value we obtained here is less reliable than measurements

on other sets of TaWSi samples.

4.3 Thermal conductivity measurements of silicon nitride

100 nm, 200 nm, 300 nm and 400 nm thickness of silicon nitride thin film are

deposited on top of p-type silicon substrate with 100 nm thickness thermal oxide

(SiO2) at HP. The aluminum heater with a thickness of 180 nm was deposited by
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thermal deposition at Owen cleanroom. The length of heaters is 1 mm while the

width of heaters can be 10 µm, 15 µm, 20 µm. The heaters of this set of silicon

nitride samples are produced by photolithography and aluminum wet-etching. Due

to possible side etching, the width of the heater need to be measured under optical

microscopy.

Figure 4.26 shows the in-phase thermal resistance vs. driving frequency for

hafnium oxide samples with different thickness. Measurements was conducted on

two different 10µm width heaters for each thickness. Figure 4.27 plots the average

in-phase thermal resistance vs. the film thickness of HfOx. As expected, the

addition of a HfOx thin film only adds a frequency independent in-phase thermal

resistance increase. Based on Equation 2.47, the thermal conductivity of hafnium

oxide thin film is 1.95 (±0.29) Wm−1K−1. The intercept ∆Ri = 77.2m2KGW−1

is the contribution of thermal resistance presented at the interface of substrate-film

and film-heater.

Figure 4.26: Thermal resistance vs. driving frequency for a series of SiNx films on

p-type silicon.
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Figure 4.27: Average thermal resistance vs. df for a series of SiNx films on p-type

silicon.

During the TCR measurements of this set of SiNx samples, the temperature

keeps fluctuated and no reliable TCR measurements is achieved before all the

heaters break. The TCR used in the calculation is the typical value we measured

in previous samples with same heater geometry (0.00355/K). As we can see in

Figure 4.27, the average thermal resistance of 100 nm and 200 nm SiNx sample

is off the linear fit line. This may suggests that the thermal conductivity of SiNx

depend on the film thickness and reduce the accuracy of our measurements.

Table 4.3: Results: thermal conductivity of silicon nitride films

sample width of heater
thermal conductivity

[Wm−1K−1]

SiNx 10 µm heater 1.95 ±0.29
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4.4 Error analysis

4.4.1 Error in width and length measurements of heaters on various

samples

Figure 4.28 shows a typical example of length measurements of heaters on different

samples. The length was measured by optical microscopy under 5×-amplification

of the heater. The length we measured here is 1 mm, which is the same as the

designed value on the mask.

Figure 4.28: An example of length measurements. A, B, C, and D are images of

heaters on four different SiNx samples (thickness of SiNX varies as 100 nm, 200

nm, 300 nm, 400 nm).

Figure 4.29 shows a typical example of width measurements of heaters on different

samples. The width was measured by optical microscopy under 150×-amplification

of the heater. The width we measured here is smaller than the designed value on

the mask.
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Figure 4.29: An example of width measurements to illustrate width variability.

Typically the width of a heater is smaller than the designed value on the mask.

For example, the designed width of the heater in Figure 4.29 is 20 µm while the

measured value is about 17 µm. Possible reasons include under-exposure and over-

development during photolithography and lift-off process. During the preparation

of samples, the UV lamp of the mask aligner in the cleanroom was approached

the end of its lifetime. And the power distribution of that UV lamp was nonuni-

form. Because the exposure time and develop time can only be the same for each

sample, the nonuniform distribution of UV lamp power makes the actual exposure

at different places of the sample is also nonuniform. As a consequence, the actual

width can be different from the designed value of the mask in a complex manner.

Thus the width of heater need to be experimentally measured. We use optical

microscopy with 150×-amplification to determine the width of each heater used

in the 3ω measurements. For each heater, the width was measured at different

locations to increase the accuracy of width measurements. The typical standard

deviation of heater width is about 2 %.

The length of the heater is same as the designed value on the mask. Both the
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photolithography and lift-off process will not affect the length of the heater. The

width of the thin aluminum stripe that connects the voltage pads and the heater

is 5 µm. The effective length of the heater may different from the length of the

heater. Here we characterize the error of heater length as 1% (= 5µm+5µm
1mm

).

4.4.2 Error in temperature coefficient of resistance

The temperature coefficient of resistance (TCR) α is a crucial parameter for cal-

culating the thermal conductivity. As mentioned before, the TCR of thin-film

aluminum is smaller than the value for bulk aluminum. It also depends on the

geometry of the heater. The length of the heater is 1 mm. The width of the

heater can be 10µm, 15µm and 20µm. The thickness of the heater is 180 nm. The

TCR of heater is more sensitive to the thickness than the width or the length of

the heater. By depositing all the samples at the same time, we can minimize the

difference in thickness of the heaters. Our TCR measurements suggested that the

TCR of heaters with different width is almost the same as long as these heaters

was deposited at the same conditions. For the TCR measurements, a small K-

type-chromel-alumel thermocouple was mounted on the surface of the sample at

a location close to the heater. The temperature of the heater is needed to de-

termine the dR
dT

and further to determine the TCR. But we can only measure the

temperature of a location about 2 mm away from the heater. For some TCR mea-

surements, the distance between the heater and thermocouple is even larger. The

room temperature fluctuation also affects the accuracy of the TCR measurements.

To characterize dR
dT

, the resistance of the heater is taken in a temperature range

from 25 ◦C to 35 ◦C with 0.3 ◦C-steps. Multiple TCR measurements were taken on

multiple heaters on different samples. The average of measured TCRs was used

as the TCR to convert the V3ω to the thermal resistance for all the heaters. The

standard deviation is used as the systematic error of the TCR.
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Chapter 5: Conclusion

We have used the 3ω method to measure the thermal conductivity of 200-350

nm amorphous TaWSi metal films deposited by DC magnetron sputtering on p-Si

substrates with a 100-nm layer of thermal SiO2. The thermal conductivity of the

films is 2.4 ± 0.3 Wm−1K−1. Three sets of films were used, and the results in

Table 4.2 show that our results are reproducibility when careful attention is paid

to the measurement of the TCR. This result is comparable to measurements of 4.5

Wm−1K−1 reported for amorphous Zr47Cu31Al13Ni9 alloy [18].

The same 3ω technique was also used to determine the thermal conductivity of

24.4-80 nm HfO2 layer deposited on Si/SiO2. The thermal conductivity is 0.78 ±
0.05 Wm−1K−1, similar to a thickness dependent intrinsic thermal conductivity

of 0.49 to 0.95 Wm−1K−1 reported for thin-film HfO2 of thickness from 5.6 to 20

nm [49]. The thermal conductivity of 100-400 nm silicon nitride films deposited

on Si/SiO2 is also determined using the 3ω method. The thermal conductivity of

silicon nitride is 1.95 ±0.29 Wm−1K−1.

The error in the thermal conductivity measurements is dominated by the accu-

racy with which the temperature coefficient of resistance of the aluminum heaters

used for the measurements can be determined. Each heater must be separately

calibrated, making this the rate-limiting step with the largest uncertainty.

We also briefly discussed a numerical approach to simulate the oscillating tem-

perature field based on finite element method using COMSOL. For future work,

this numerical approach can be applied to interpret the data measured by the 3ω

method regardless of the geometry effects of the films, heater and substrate.
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