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Abstract

In this bachelor research project, the thermal conductivity of very thin (50
nm) suspended Silicon Nitride (SiN) membranes is studied. These
membranes are used as mechanical resonators in optomechanical

experiments where quantum decoherence properties are studied. When
these optomechanical experiments are performed at low (mK)
temperatures, heating of the membrane by laser absorption perturbs
these measurements. Therefore, the thermal properties of these
membranes are studied in this project at room temperature with a
method which is in principle also applicable for cryogenic measurements.
In this project different methods are studied and the 3w method is
expected to be the best suitable method and is therefore investigated in
this project. Using this method, measurements have been done and a
signal containing thermal properties of the membrane is obtained.
However, due to the sample preparation, no thermal conductivty could
be extracted from this signal.
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Chapter

Introduction

In this bachelor research project the thermal properties of 50 nm thick SiN
membranes are studied, with focus on thermal conductivity. These mem-
branes are used in quantum optomechanics experiments. Quantum op-
tomechanics focuses on the interaction between light and mechanical ob-
jects at low-energy scales. In experiments, of which a schematic is shown
in figure 1.1, lasers are used to make interaction between light and matter
possible using optical resonators, which are called cavities. Within such a
cavity, a mechanical resonator can be placed, which will oscillate due to
either thermal excitation or radiation pressure of the laser.

Micro
membrane

Detection

“Super”
mirrors

Detection

Figure 1.1: Experimental setup for optomechanical measurements, where the op-
tical cavity consists of the two mirrors and the micro membrane functions as me-
chanical resonator

This oscillator can then show quantum mechanical behaviour: it can
be in a superposition of being in two places at the same time. This kind
of quantum state of motion allows us to investigate decoherence, which
describes the transition between states that are described by quantum me-
chanics to states that have a classical description. Measuring these op-
tomechanical oscillations provide us with a way to measure predictions of
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2 Introduction

quantum mechanics and decoherence models and might give answers to
fundamental questions in physics.

In the cavity optomechanics experiments at Leiden, silicon nitride (SiN)
membranes are used as mechanical resonators. These membranes have a
very high quality factor, which results in excellent coherence properties,
which allows us to do precise measurements on the decoherence proper-
ties. Because we want to measure at low- energy scales, in order to mea-
sure the quantum ground state of the oscillations, measurements need to
be done at very low (mK) temperatures. Since the membrane absorbs a
small fraction of the laser light, the membrane heats up. By heating up
the membrane, we add energy to the system and we partially lose the low
energy scale behaviour, which makes it more difficult to study the deco-
herence properties. It is thus of big importance to gain knowledge about
the thermal properties of these membranes at room temperature and, es-
pecially, at mK temperatures.

Another motivation for investigating the thermal properties of SiN mem-
branes, apart from the optomechanics experiments, is the fact that these
membranes are very thin (25-100 nm) and that the SiN membranes are
not a crystalline solid, but an amorphous solid. Both these properties of
the SiN membranes makes them interesting to investigate, because (1) in
nanoscale materials, heat transfer differs from heat transfer in bulk materi-
als, especially at low temperatures. And (2) because in amorphous solids,
heat transfer is different than in crystalline solids. Therefore, a brief de-
scription of heat transfer in amorphous nanoscale materials can be found
in chapter 2.

In this thesis, three different methods for measuring the thermal con-
ductivity are studied: a steady state method using a heat camera, a steady
state method using a line heater deposited on the membrane and a tran-
sient method (the 3w method). However, the method involving a heat
camera is not applicable to mK temperature measurements, due to the dif-
ferent wavelength of the black-body radiation at mK temperatures, which
is not detectable by an infrared (IR) heat camera. For the steady state
method involving a line heater deposited on the membrane, numerical
calculations have been performed using COMSOL Multiphysics software.
Studying these simulations we found that the steady state method might
not be the best suitable method for thermal conductivity measurements,
so only the 3w method is actually performed in this thesis. Further in
this thesis one can find the needed sample preparation, the experimental
setup for 3w measurements, the obtained results, a discussion of these re-
sults and conclusions from this research project, with a brief proposal for
future thermal conductivity measurements on SiN membranes.

2
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Chapter 2

Heat transfer in nanoscale
amorphous materials

In this section, a brief description of heat transfer in nanoscale amorphous
materials will be provided. Descriptions of heat transfer are different for
the two types of measurement methods (steady state and transient) inves-
tigated in this thesis. For steady state methods, the temperature profile
does not change in time and therefore heat transfer can be described by
Fourier’s law:

q=—kVT(x,y,z) (2.1)

With q the heat flux in Watt per unit area, k the thermal conductivity of the
material to be studied and T'(x, y, z) the steady temperature profile in three
dimensions. For transient methods, the temperature profile does change
in time, and therefore the 1D heat diffusion equation is used to describe
heat transfer:

PT(x,t) _ 19T(x,t)
ox2 D ot

Where T(x,t) is the temperature field and D = ﬁ the thermal diffusivity
of the material to be studied, with k the thermal conductivity, p the mass
density and c the specific heat.

In non-metallic materials, heat is transferred by vibrations of atoms.
These vibrations can then be transmitted as waves through the material.
These vibrations carry energy and are responsible for the thermal trans-
port in the material. The quantization of energy of these lattice vibra-
tions is called a phonon. The thermal conductivity of the material is di-

(2.2)

3

Version of July 3, 2018- Created July 3, 2018 - 10:53



4 Heat transfer in nanoscale amorphous materials

rectly related to the phonon mean free path length (k ~ A) [1], with A
the phonon mean free path length. The phonon mean free path length
is restricted (and so the thermal conductivity) by boundary scattering of
phonons and by scattering of phonons due to defects in the lattice of the
material. The fact that the SIN membranes in this study are amorphous
and have nanoscale dimensions, cause the thermal conductivity of the
membrane to be different from bulk crystalline materials. First, because
the SiN membranes are amorphous, which causes the lattice of the mate-
rial lack the periodicity that is present in crystalline materials. This lack in
periodicity causes the phonon mean free path to decrease, because a lack
in periodicity can be seen as a lattice defect, which decreases the thermal
conductivity.

Second, because the SiN membranes have nanoscale dimensions, the
phonon mean free path can be of the same order as the thickness of the
membrane, resulting in a relatively high percentage of phonons scattering
at the surface of the membrane, which then results in a decrease of ther-
mal conductivity. However, at room temperature, the phonon mean free
path in SiN membranes is estimated to be less than 1 nm, which should
not result in a big difference in thermal conductivity between membranes
with a different thickness. Nevertheless, differences in thermal conduc-
tivity between 50 nm and 100 nm SiN membranes are observed at room
temperature [2]. The phonon mean free path for low temperatures, how-
ever, is expected to be much longer than for room temperatures [3], and
can exceed the thickness of the membrane, leading to a heavy decrease of
thermal conductivity when the temperature is decreased.
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Chapter 3

Methods

Measuring the thermal conductivity of membranes and thin films can be
done by a variety of methods. The most commonly used methods can be
divided in two different categories:

e Steady state methods;

e Transient methods

Both these methods will be described in this section and for steady state
methods, supported with simulations using COMSOL Multiphysics soft-
ware. Also, for the steady state methods, it will be explained why these
methods are not the best suitable methods for measuring the thermal con-
ductivity of the SiIN membranes, and thus, why we have chosen to per-
form a transient (3w) method.

3.1 Steady state methods

In steady state methods, a temperature gradient is created across the ma-
terial to be studied. This temperature gradient does not change in time
and therefore can be stated for every point in the membrane that:

Gin = Gout (3.1)

Where g;, and g+ are the inward and respectively outward heat flux. By
evaluating g and by measuring the temperature profile T(x, y, z), equation
2.1 can be used to extract the thermal conductivity of the material. For
steady state methods, two different measurement techniques are explored:

5
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6 Methods

e Using infrared thermography (no contact with membrane);

e Using line heater/ temperature sensor on membrane (contact with
membrane)

3.1.1 Steady state infrared thermography

An example of a non-contact steady state method is provided by Grepp-
mair et al. (2017) [4]. Here an infrared (IR) camera is used to measure the
steady temperature profile across a uniformly heated thin film. This thin
film is uniformly heated by a LED, and the substrate of the thin film func-
tions as a heat sink with a controllable temperature. Heat flows through
the membrane to the heat sink, creating a transverse temperature profile,
of which the black-body radiation in the IR spectrum is detected by an
infrared camera. A schematic of this method is shown in figure 3.1. By
measuring this temperature profile and by evaluating how much energy
of the LED light is absorbed by the membrane, Fourier’s law in polar co-
ordinates can be applied:
T (r)

q(r) = —k— = (3.2)

With g(7), the heat flow at a distance r from the middle of the membrane,
k the thermal conductivity and T(r) the temperature profile of the mem-
brane. Using this equation, the thermal conductivity of the film or mem-
brane can be calculated.

Visible

Figure 3.1: Schetmatic of the steady state method using a heat camera. [4]

A big problem arising from this method is that the total energy flow per
unit time through the membrane is needed to calculate the thermal con-
ductivity. To calculate this energy flow, a measurement of the absorption
of the LED light by the membrane needs to be performed. This however,
is relatively complicated and was not estimated as reachable within the

6
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3.1 Steady state methods 7

scope of this bachelor project. Another general problem involving mea-
surements using IR cameras arises from the fact that we ultimately want
to measure at mK temperatures. The wavelength of the black-body radi-
ation of the membrane increases at these low temperatures substantially,
leading to the fact that this radiation cannot be detected by an IR camera
anymore. This means that this method is not applicable to mK temper-
ature measurements. About this method we can conclude that it is not
compatible with the goal and possibilities of this research.
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3.1 Steady state methods 9

3.1.2 Steady state methods using a line heater/temperature
sensor

One of the most straightforward methods involving a steady state method
with direct contact is described by Zhao et al (2016) [5] (page 25-27). The
experimental scheme is shown in figure 3.2:

Heater/Sensor Sensor
e i
<+—Substrate

Figure 3.2: Steady-state thermal conductivity measurement with a heater/sensor
and an additional temperature sensor (Zhao et al 2016)[5]

Here a line heater, which also functions at the same time as a thermome-
ter, is placed at the middle of the membrane across the whole membrane,
heating up the membrane with a total heating power per unit length Q,
resulting in a steady state temperature profile across the membrane. An-
other thermometer is placed at distance %L from this heater. By this mea-
sured temperature difference, Theqter — Tsypstrate, and the known total heat-
ing power per unit length, the thermal conductivity can be determined
by applying Fourier’s law in one dimension to this specific measurement
setup [5]:

k= QL

Zd(Theater - Tsubstmte)
With d the thickness of the membrane/thin film and % the distance be-
tween the temperature sensors. Heat is created by Joule heating of the line
heater by applying a current on the line heater. The temperature can be
measured using the fact that the resistance of the metal heater/sensor is
temperature depended, so by measuring the resistance of the metal line,
the temperature can be determined. Although this method is theoretically
relatively simple, there are a lot of difficulties to account for when per-
forming this method:

(3.3)

e The temperature profile on the membrane is 2D instead of 1D;

e Not all the heat flows through the membrane: heat is also transferred
by radiation, convection by the surrounding air and by conduction
of the line heater to the contact pads and wires.
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10 Methods

e Because heat is transferred along the line heater, there is a temper-
ature gradient along the line heater, leading to errors in measured
temperature.

These problems have been studied using simulations with COMSOL
Multiphysics software. In COMSOL, the geometry of the membrane is
reproduced and a line heater of aluminum (width= 150 ym) is placed at
the middle of the membrane. The geometry looks as follows:

o
Line heater /{ 50 nm thick SiN membrane

3 x10%m

Si Frame —

L

Figure 3.3: Top view of the geometry in COM-
SOL

o

z

N

X

Figure 3.4: View from below of the geometry in
COMSOL

For heat transfer simulations, the thermal conductivity of the SiN mem-
brane is set to 5 W/(m K), and a heat flux of 4 x 10° W/m? is applied to
the line heater, normal to the plane of the SiN membrane. The ambient
temperature is set to 293.15 K and the parts in blue in figure 3.4 function

10
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3.1 Steady state methods 11

as heat sink with a fixed temperature, also set to 293.15 K. These settings
give the following temperature profile across the membrane:

Surface: Temperature (K)

Figure 3.5: Steady state temperature profile
across the SiN membrane (COMSOL)

Figure 3.6: Zoom of temperature profile across
the SiN membrane (COMSOL)

From figure 3.6 can be concluded that the temperature profile across
the membrane is not 1D, but 2D. This is because near the frame, heat flows
from the membrane directly in to the frame. To account for this, while
still using equation 3.3, rough estimations have to be made, leading to
substantial errors in the calculation of the thermal conductivity.

11
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12 Methods

Another fact that can be observed from figure 3.6, is that there is a
temperature gradient along the line heater. This is better shown in the
following picture:

(™

Temperature gradient across line heater

311
310
309
308
307
306
305
304
303
302
301
300
299
298
297
296
295
294

Temperature (K)
T T T 1T 1 T 1T T 1T T 1T T4
L1 1 1 11 L1 11 1 11 1 I 1 13

0.001 0.002 0.003 0.004
Arc length (m)

o

Figure 3.7: Temperature gradient along the line heater (COMSOL)

In this figure, it is shown that the temperature of the line heater on the
frame (from 0 to 1.5 mm and 3.5 to 5.0 mm) is the same as the temperature
of the heat sink, due to the high thermal conductivity of the crystalline Si.
From 1.5 to 3.5 mm there is a strong increase in temperature over 0.5 mm,
then is the temperature nearly constant over 1 mm, followed by a strong
decrease of the temperature. When measuring the resistance, and thus
the temperature of the heater, the average of the temperature over the line
heater will be measured. This leads to an error in measuring the tempera-
ture difference, which then leads to an error in the thermal conductivity.
The biggest problem, however, in steady state methods is the energy
loss by radiation [6]. The impact of energy losses by radiation can roughly
be quantified by the ratio of the amount of heat loss by radiation and the

amount of heat transport by conduction of the membrane: 525, An esti-
mation of this ratio is given by [6]:

de s hmdwz
Qcond kd

With w the half length of the membrane, d the thickness of the membrane,
k the thermal conductivity of the membrane and #,,; the heat transfer co-

(3.4)

12

Version of July 3, 2018- Created July 3, 2018 - 10:53



3.1 Steady state methods 13

efficient by radiation in W/ (m?K), which is equal to [6]:

Nyad = 4€0 T, (3.5)

With e the emissivity of the membrane, ¢ the Stefan-Boltzmann radiation
constant and Tavg the average temperature of the membrane and its sur-
roundings. Because the membranes used in this thesis are very thin (50
nm) and the thermal conductivity is predicted to be roughly around 3-15
W/(m K), the ratio % is expected to be relatively high. In addition to
that, the emissivity, €, is unknown for the membrane and needs additional
measurements. This uncertainty leads directly to an uncertainty in h,,4
and consequently to an uncertainty in the ratio %. Together with the
fact that this ratio is very high leads this to substantial errors by radiation
in thermal conductivity measurements.

So by errors due to the 2D in stead of 1D temperature profile, the tem-
perature gradient along the line heater/sensor and the substantial radia-
tion losses, this steady state method is expected not to be suitable for ther-
mal conductivity measurements. Therefore, we have chosen to perform a
transient (3w) method, of which the errors due to radiation are estimated
as relatively small (around 1%) [5]

13
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14 Methods

3.2 The 3w method

In the 3w method, a metal line heater is deposited on the membrane, which
also functions at the same time as thermometer, just as in the steady state
method described in section 3.1.2. Here an AC current is applied to the
line heater:

I,(t) = Ipcos (wt) (3.6)

Here, Ij is the amplitude of the current at frequency w. Due to Joule heat-
ing, heat is dissipated by the line heater:

Py(t) = I,(£)*Rsg (3.7)

Where R; ) is the resistance of the line heater. Using trigonometric identi-
ties, the dissipated power can be written as follows:

P,(t) = %15125,0(1 + cos (2wt)) (3.9)

From equation 3.8, the power dissipated by the line heater, due to Joule
heating can be separated in two parts:

1
Ppc = ElgRs,o (3.9)
1 2
PAc(t) = EIORS,O Ccos (2wt) (3.10)

Here, Ppc is a constant component and P4¢ corresponds to the power that
is depended on the second harmonic oscillation of 2w. The dissipated
power by the line heater causes the temperature of the line heater and
the substrate to change. The temperature changes of the substrate can be
expressed as follows [7]:

AT(t) = ATpc + |ATyw | cos (2wt + ¢a) (3.11)

With ATpc the temperature increase corresponding to Ppc, |ATa,| the ab-
solute value of the temperature change corresponding to Pac(t) and ¢,
the phase due to the lag between temperature changes and heat flux. Tem-
perature changes induce a change in resistance in the following way:

Rs(t) = Reo(1+ aAT(t)) (3.12)

Where « is the temperature coefficient of resistance (TCR), which is de-
fined as follows:

14
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3.2 The 3w method 15

dR

When equation 3.12 and 3.11 are combined, the following formula for the
resistance of the line heater is obtained:

Rs(t) = Rso(1+ aATpc + a| ATy | cos (2wt + ¢oy,)) (3.14)

When applying Ohm’s law, the voltage across the heater results from the
product of the input current (equation 3.6) and the resistance of the heater
(equation 3.14) [7]

1
V(t) = Rsplp(1+ aATpc) cos (wt) + Eoc]ATzw|RS,OIO cos (wt + ¢oy)
1
+ §“|ATZw|Rs,OIO Cos (3wt + (Pzw) (3.15)

Because the signal containing the thermal properties of the membrane,
AT, at 1w is small compared to the signal at 1w due to DC heating and
the input voltage, the voltage at 3w needs to be measured:

1
Vaw(t) = §“|AT2w|Rs,010 cos (Bwt + ¢ow) (3.16)

The absolute value of the 3w signal can then be written as follows:

1
[Vaw| = §“|AT2w\Rs,010 (3.17)

The measurement of V3., appearing across the membrane is most com-
monly done with a lock-in amplifier. Measuring this voltage directly on
the membrane is very difficult, because the voltage at 1w is expected to
be a factor 10° higher than the V3, signal. In order to suppress the volt-
age at 1w, and be able to measure V3, with high precision, a Wheatstone
bridge is needed. With a Wheatstone bridge the first harmonic is heavily
suppressed, while the third harmonic can be measured. A schematic of a
Wheatstone bridge can be found in figure 3.8. In our experimental setup, a
slightly different Wheatstone bridge is used, which is shown in figure 5.3.
The Wheatstone bridge output, W3, and V3, are related in the following
way [9]:

Rs + Rl
Rq

Vaw = Waw (3.18)

15
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16 Methods

Figure 3.8: Schematic of a Wheatstone bridge from thesis by Hanninen (2013) [8]
Here, R corresponds to the line heater, Ry and R, are other resistors and R, is a
variable resistor to balance the bridge. W3, is the Wheatstone bridge output and
V1w is the Wheatstone bridge input.

In order to extract thermal properties of the membrane from equation
3.17, the expected temperature oscillations, ATy, need to be calculated.
These oscillations are solutions from the 1D heat diffusion equation (equa-
tion 2.2). Solutions of this equation are provided by Sikora et al (2013)
[10] and the erratum of this paper [11]. These solutions of the temperature
tield, leading to an expression for ATy, together with equation 3.17 result
in the following output of the Wheatstone bridge [11]:

“(V{Z]S)B’RlRE,o

(W™l = (3.19)

NI

H(Rop + R 1+ (s 4 35+ 4|

With |W}%| the absolute root mean square (rms) output of the Wheatstone
bridge, V]"® the rms voltage at 1w applied to the Wheatstone bridge (V1,,
in figure 3.8), R; the in-series resistor of the Wheatstone bridge (also see
figure 3.8), K = k% the thermal conductance of the membrane, with S the
section of the membrane perpendicular to the heat flow, I the half-width
of the membrane and 7 the sum of the heat capacity of the membrane and
the heat capacity of the line heater, divided by the thermal conductance of
the membrane K.

For low frequencies, the w term in equation 3.19 can be neglected and

the following w independed formula for |W}¢| is obtained [11]:

16
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3.2 The 3w method 17

a(V{C’Z}S)3R1R§,O
4*'K(Rs,() + R1)4

This equation predicts a constant |W}"*| for low w and will be used to

measure the thermal conductivity of the membrane. To use this equation,
|Wins| will be measured for a range of frequencies, and plotted as a func-
tion of w to check whether its behaviour is similar as predicted by equation
3.19.

In addition to the 3w measurements using a lock-in and Wheatstone
bridge, a TCR measurement of the line heater (« in equation 3.20) is needed

in order to calculate the thermal conductivity.

W] =

(3.20)

17

Version of July 3, 2018- Created July 3, 2018 - 10:53






Chapter

Sample preparation

Before going in detail about the sample preparation of the SiN membranes
for thermal measurements, some technical information of these membranes
will be provided here. The suspended membranes used in the experiments
are very thin: 50 nm. The membrane samples consist of a SiN membrane
placed on a relatively thick (500 pm) Si frame. These frames have the size
5.0 x 5.0 mm? while the membranes are 1.0 x 1.0 mm? in size. Schematics
including a top view and a cross section are given in figures 4.1 and 4.2.

’—' 54.7"(—
“Backside Cavity”
=_— Silicon Nitride
. . Silicon
Figure 4.1: Top view of the
suspended membrane (Norcada Figure 4.2: Cross section of the
2015) [12] membrane (Norcada 2015) [12]

19
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20 Sample preparation

For thermal conductivity measurements, a metal line is needed to be de-
posited on the membrane, which functions as line heater and thermome-
ter. In this research this is achieved by sputtering with an Ag target and
the use of a 50 ym optical slit as a shadow mask. The membrane is then
placed beneath the optical slit in the following way:

Sputtering target

[

50 pm optical slit
Suspended SiN membrane

Aluminium frame

Paper to support membrane

Figure 4.3: Setup for sputtering an Ag line heater on the membrane

Sputtering was done using the Leybold LH Z400 rf sputtering system,
with a deposition rate for Ag of 19 nm/s. Sputtering has been done for
12 minutes. After sputtering, contacts with the line heater and 4 wires are
made using silver paint, which is shown in figure 4.4. Microsocopy photos
of the line heater are shown in figures 4.5 and 4.6

Figure 4.4: Sample with four wires attached to the line heater

20
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21

From figures 4.5 and 4.6 the following properties of the line heater can
be extracted: The width of the line heater is around 140 ym (& 10 ym) and
the length of the line heater across membrane and frame is 225 ym (£ 20

pm).

Figure 4.6: Ag line heater on
membrane zoomed microscopy
image

Figure 4.5: Ag line heater on
membrane microscopy image

The resistance of the line heater and the contact between the wires and
silver paint is measured using a 4-point measurement using the Keithley
2100 digital multimeter, obtaining a resistance of 13.2 (). Because the re-
sistance of the contacts is estimated around 0.5 (), the resistance of the line
heater itself is estimated at 12.2 Q) (£ 1 Q). The resistance of the heater on
the actual 1.0 x 1.0 mm? membrane is then estimated at 5.4 Q) (& 0.8 Q).
This error in resistance is relatively large, due to the very low resistance of
the line heater itself.

21
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Chapter

Experimental setup

5.1 Setup for TCR measurement

In order to measure the temperature coefficient of resistance (TCR), the
membrane with line heater is heated by a heating plate. A pt-100 is placed
near the membrane, which is assumed to have nearly the same tempera-
ture as the line heater on the membrane. Photos of this setup are shown in
figures 5.1 and 5.2. When heating the membrane using the heating plate,
the resistance of both the pt-100 and the line heater is measured. The re-
sistance of this pt-100 gives then relatively precise the temperature of the
membrane and line heater. Together with the resistance of the line heater
for different temperatures the TCR of the line heater can be determined
using equation 3.13.

Figure 5.2: CLose up of
the TCR setup, where the

Figure 5.1: Experimental membrane and the pt-100
setup TCR measurement are shown
using pt-100

23
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24 Experimental setup

5.2 Setup for 3w measurements

To create an AC current through the line heater on the membrane with a
frequency of 1w and to measure the 3w voltage appearing across the line
heater, a Zurich HF2LI lock-in amplifier is used. In order to measure the
3w voltage, which is 10° weaker than the voltage at 1w, the voltage at 1w
needs to be suppressed. This is accomplished using a Wheatstone bridge,
of which a schematic is shown in figure 5.3

BNCYA
ﬂ |
I :

Figure 5.3: Schematic of the Wheatstone bridge to suppress the 1w voltage. R;
is the line heater, R, is a variable (0-111 kQ)) resistor to balance the Wheatstone
bridge, R, is a resistor of 13 (2 and R; is a resistor of 89 k(). A 1:1 transformer is
also included in the setup and V3, corresponds to the output of the lock-in, where
W3, and Vj,, correspond to the input of the lock-in.

For the 3w method, the voltage over the line heater, V), needs to be
measured simultaneously with the 3w voltage. This is done by connecting
2 of the 4 wires on the membrane to input of the lock-in, while the other
two wires are connected to the Wheatstone bridge. The variable resistance
and R; are part of a Kelvin Varley voltage divider, placed in a metal box
together with the transformer. The membrane with line heater and resis-
tance R; are placed in a different metal box. These boxes are connected by
a LEMO cable. All the components of the Wheatstone bridge are placed in
a metal box to prevent noise from the surroundings.

Using this experimental scheme, the signal at 1w is heavily suppressed
by a factor of 10° and is of the same order of magnitude as the signal at
3w, enabling us to measure the 3w signal with high precision.

24
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Chapter

Results and discussion

6.1 TCR measurements

The TCR measurements result in the following graph:

R vs T line heater m  Data points
Fit to data
13.54 -
G ]
E_, ]
©
Q
< 13.4 4
()
£
; Equation y=a+b*
o Plot R_AgLH
% Weight No Weighting
k7 Intercept 12.88929 + 0.0024
‘n 13.3 Slope 0.01439 + 7.92446E-5
& Residual Sum of Squares 2.46183E-5
Pearson's r 0.99979
R-Square(COD) 0.99958
Adj. R-Square 0.99955
13.2 : : . , . :
20 30 40 50

Temperature pt-100(°C)

Figure 6.1: Graph of the resistance of the line heater as a function of temperature
measured by the pt-100, with a linear fit to the data points with linear behaviour.

In this graph a linear relationship is shown for temperatures up to roughly
36 °Celcius. Above this temperature, the data points show less linear be-
haviour and are therefore not included in the fit from which the TCR of the
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26 Results and discussion

line heater is determined. For this fit, the slope and the intercept (value of
R where T=0 °Celcius) are shown in the box in figure 6.1. From this slope
and the intercept, the TCR of the line heater, a is determined using the
following formula strongly related to equation 3.13:

SN

- Ro loTlr=23°C

With Ry the resistance of the line heater at T=23 °C and g—lf the slope of the
fit to the data in figure 6.1. Using the values Rp=12.22 () and ‘3—1; =0.0144 O
K1, a value of = 0.0012 K~1 + 0.0001 is obtained. This error is due to the
large error in resistance (Rp) of the line heater, the small statistical errors
are therefore not taken into account.

The obtained value of a differs greatly from the TCR of bulk silver
which is around 0.0038 K~!. This difference arises from the fact that the
line heater in this study is produced by sputtering, which changes the elec-
trical properties of the material. In this study, also sputtering has been
done with Platinum/ Palladium (Pt/Pd) alloys, which resulted in the sim-
ilar differences in TCR values between bulk- and sputtered values.

w (6.1)
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6.2 3w measurements 27

6.2 3w measurements

3w measurements have been performed with the ZiControl software, where
the Wheatstone bridge output, W3'* at 3w, is measured for 80 different
values of the frequency of the input voltage, w, between 1 Hz and 1 KHz
on a logarithmic scale. For every value of w, |W}"?| has been measured 64
times and is averaged over these 64 values. This results in the following

graph:

Frequency plot of [W, |

0.000003

< 0.000002

3w!

0.000001 -

0.000000 -} ———rr ———rr S —
1 10 100 1000

Frequency of V, (Hz)

Figure 6.2: Graph of the absolute rms Wheatstone bridge output versus the fre-
quency of the input signal, applied to the Wheatstone bridge. The input voltage
V1w (rms) has been set to 0.897 V

For low frequencies, up to around 7 Hz, |IW§/"*| is constant, as predicted in
section 3.2. Using equation 3.20, the thermal conductivity can be extracted
from this constant signal. However, due to differences in sample prepara-
tion and the model on which equation 3.20 is based, the formula needs to
adjusted. This arises from the fact that the line heater in this thesis is not
entirely placed on the membrane, but also partly on the frame. Because
the 3w signal of the frame is expected to be much lower than of the mem-
brane, because the conductance, K, of the frame is much higher than that
of the membrane, it generates therefore a negligible 3w signal. The adjust-
ment in formula corresponds to a difference in resistance used for heating,

generating the 3w on the membrane (R,,0) and the resistance of the full
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28 Results and discussion

line heater (R;), which is needed to convert the V3, on the line heater
to the Wheatstone bridge signal using equation 3.18. When taking this

differences in to account, the following equation for |Wj/"*| is obtained:

a(Vi")PRiR2,
4K(RS,0 + R1)4

(W'l = (6.2)

Using this equation, an attempt has been made to predict the measured
|WEms| for low frequencies. Using « = 0.0012 K1, R; =13 O, Ry 0=540Q,
Ry =144 Q, V™ = 0.897 V and K = k%, with S =50 x 10712 m? and !
= 0.5 mm. Because the thermal conductivity is expected to have a value
roughly around 5 W/(m K), this value for k has been used in the prediction
of [Wj™s|. The predicted value of |W}™| is 0.29 V, which is of order 10°
higher than the measured signal. In the following subsection a discussion
of the substantial difference between the expected and measured value of

|Wins| will be provided.

w

Discussion of differences between measured and predicted
rms
|W3w

The fact that measured signal is significantly weaker than the expected
signal, is partly due to the fact that heat generated in the line heater does
not flow enirely through the membrane, creating a 3w signal, but flows
mostly through the line heater to the frame, creating no signal at 3w. This
arises from the fact that the thermal conductance of the membrane (K ~
5 x 1077 W/K) is lower than the roughly estimated thermal conductance
of the line heater (Kj, ~ 107> W/K). The thermal conductance of the line
heater is estimated using kj;, ~ 250 W/(m K) [13], Sj, ~ 107! m? and
average distance to frame of }1 mm. The ratio of these conductances is

then: KLM = 21—0. This ratio of conductances is equal to the ratio of heat
flow through the membrane and the heat flow through the line heater, %.

Because the temperature oscillations are expected to be linear related to
the heat flow through the materials [11] and the because the 3w voltage is
linear related to the temperature oscillations, |Wj"*| is expected to be 21—0
times the expected value, resulting in a voltage of 14.5 mV. This however
is not nearly the measured value and this problem can therefor not fully
explain the big discrepancy between measured - and predicted signal.
Another cause of this big difference is the fact that the theoretical model
predicting the 3w signal is based on a infinitely small line heater width,

while the line heater width in this bachelor project is around 140 pm.
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6.2 3w measurements 29

Therefore for the 3w measurements on thin films or membranes, line heaters
with much smaller widths (5-10 ym) are usually used [10]. The effect of
finite line heater width is studied by Ftouni et al (2013) [14], who stated
that the line heater width should maximally be a fraction {5 of the width
of the membrane. This recommendation is not followed in this bachelor
project, leading therefore in errors in thermal conductivity measurements.
The quantitative impact of the too large line heater width is hard to esti-
mate and is therefore not studied in this project.

These two causes for the difference between measured and predicted
signal cannot completely explain this difference, and this discrepancy be-
tween measured and predicted signal is therefore subject for further stud-
ies.
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Chapter 7

Conclusions and proposal for
future studies

From this bachelor research project we can conclude that the best method
for measuring the thermal conductivity of nm thick SiN membranes is the
transient 3w method. To implement this method, a line heater is deposited
on the membrane using relatively simple sample preparation. Using this
sample preparation, a 3w signal of the membrane and line heater is de-
tected. However, due sample preparation, no thermal conductivity of the
SiN membrane could be extracted from this 3w measurements.

For future studies the following improvements are proposed:

1. The line heater width should be reduced from 140 ym to around 5-10
pm;

2. The thermal conductance of the line heater should be reduced;
3. The resistance of the line heater should be increased,;

4. The line heater should be entirely placed on the membrane

1: As stated in the discussion of the 3w results, a ratio of % of line heater
width and the width of the membrane should be respected. To accomplish
this, the line heater width should be heavily reduced.

2: As explained in the discussion of the 3w results, the relatively low ther-
mal conductance, Kj, of the line heater causes the heat to flow mostly
through the heater to the frame, creating no 3w signal. Therefore Kj,
should be decreased, this can be accomplished using a material with lower
thermal conductivity and using a smaller line heater width and height.
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32 Conclusions and proposal for future studies

3: Because the resistance of the line heater used in this research project is
relatively small (13.2 (), the error in this resistance due to the resistance
of the contact pads is relatively large, leading to large errors in thermal
conductivity measurements. By using a higher resistance of the line heater,
these errors are heavily reduced.

4: Because the line heater in this project is placed on the frame and the
membrane, estimations have to be made for the amount of resistance of
the line heater on the membrane itself, creating a signal at 3w. These es-
timations are quite rough and lead to large errors in resitance of the line
heater on the membrane, which then leads to high errors in thermal con-
ductivity measurements.

32

Version of July 3, 2018- Created July 3, 2018 - 10:53



Chapter 8

Acknowledgements

First of all, I would like to thank my supervisor, Wolfgang Loffler, for help-
ing me on daily basis with everything concerning my bachelor project.
This includes all scientific discussions, all tips he gave to make progress in
this project and learning me a lot on my path to become a researcher.

Second, I would like to thank Kier Heeck, who helped me with every-
thing that had to with electronic circuits, lock-in amplifiers, soldering and
for his attempt to measure the temperature of the membrane by using the
change in inductance of a coil, due to temperature change of small metal
disk deposited on the membrane.

Last, I would like to thank Douwe Scholma and Thomas Mechielsen,
who helped me to use different sputtering machines and to use the pro-
filometer.

33

Version of July 3, 2018- Created July 3, 2018 - 10:53






Bibliography

[1]

(2]

T. Luo and G. Chen, Nanoscale heat transfer: from computation to experi-
ment, Physical Chemistry Chemical Physics 15, 3389 (2013).

M. C. Wingert, J. Zheng, S. Kwon, and R. Chen, Thermal transport in
amorphous materials: a review, Semiconductor Science and Technology
31, 113003 (2016).

H. Ftouni, C. Blanc, D. Tainoff, A. D. Fefferman, M. Defoort, K. J.
Lulla, J. Richard, E. Collin, and O. Bourgeois, Thermal conductivity of
silicon nitride membranes is not sensitive to stress, Physical Review B 92
(2015).

A. Greppmair, B. Stoib, N. Saxena, C. Gerstberger, P. Muller-
Buschbaum, M. Stutzmann, and M. S. Brandt, Measurement of the in-
plane thermal conductivity by steady-state infrared thermography, Review
of Scientific Instruments 88, 044903 (2017).

Zhao, Xin Qian, Xiaokun Gu, Saad Ayub Jajja, and Ronggui Yang,
Measurement Techniques for Thermal Conductivity and Interfacial Ther-
mal Conductance of Bulk and Thin Film Materials, Journal of Electronic
Packaging 138 (2016).

C. Dames, Measuring the thermal conductivity of thin films: 3 omega
and related electrothermal methods, Annual Review of Heat Transfer
16 (2013).

W. Jaber and P.-O. Chapuis, Non-idealities in the 3omega method for ther-
mal characterization in the low- and high-frequency regimes, AIP Ad-
vances 8, 045111 (2018).

35

Version of July 3, 2018- Created July 3, 2018 - 10:53



36 BIBLIOGRAPHY

[8] T. Hanninen, Implementing the 3-omega technique for thermal conductiv-
ity measurements, Master’s thesis, university of jyvaskyla, 2013.

[9] D. De Koninck, Thermal conductivity measurements using the 3-omega
technique: application to power harvesting microsystems, Master’s thesis,
McGill University, 2008.

[10] A. Sikora, H. Ftouni, J. Richard, C. Hebert, D. Eon, F. Omnes, and
O. Bourgeois, Highly sensitive thermal conductivity measurements of sus-
pended membranes (SiN and diamond) using a 3omega-Volklein method,
Review of Scientific Instruments 83, 054902 (2012).

[11] A. Sikora, H. Ftouni, J. Richard, C. Hebert, D. Eon, F. Omnes, and
O. Bourgeois, Erratum: Highly sensitive thermal conductivity measure-
ments of suspended membranes (SiN and diamond) using a 3omega-Volklein
method. [Rev. Sci. Instrum. 83, 054902 (2012)], Review of Scientific In-
struments 84, 029901 (2013).

[12] Norcada, TECHNICAL INFORMATION PAGE, 2018.

[13] J.-P. Bourgoin, G.-G. Allogho, and A. Hache, Thermal conduction in
thin films measured by optical surface thermal lensing, Journal of Applied
Physics 108, 073520 (2010).

[14] H. Ftouni, D. Tainoff, J. Richard, K. Lulla, J. Guidi, E. Collin, and
O. Bourgeois, Specific heat measurement of thin suspended SiN membrane
from 8 K to 300 K using the 3omega-Volklein method, Review of Scientific
Instruments 84, 094902 (2013).

36

Version of July 3, 2018- Created July 3, 2018 - 10:53



	Introduction
	Heat transfer in nanoscale amorphous materials
	Methods
	Steady state methods
	Steady state infrared thermography
	Steady state methods using a line heater/temperature sensor

	The 3 method

	Sample preparation
	Experimental setup
	Setup for TCR measurement
	Setup for 3 measurements

	Results and discussion
	TCR measurements
	3 measurements

	Conclusions and proposal for future studies
	Acknowledgements

