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Abstract

Last four decades have seen unprecedented development in communication, defence, electronics, and
computing technologies. The increased power density plus the miniaturisation of the device present
challenges in managing the high heat flux in the microchip level. Besides, the highly heterogeneous
heat flux in electronic devices presents more challenges to thermal management (TM). This calls for
the development of more efficient cooling technologies for these high-power microelectronic devices.
This PhD study aims to address this challenge by developing the high performance of heat transfer
fluids (HTFs) and compact cooling devices. Gallium Nitride (GaN) based transistors which acted as

inhomogeneous high heat flux output were targeted in this work.

The work involves formulating, characterisation and performance measurements of various heat
transfer fluids (including base fluids and nanofluids), design, fabrication and assemble, and package
and experiments of microfluidics including foam metal, micro-jet impingement. Both experimental

work and modelling were performed and the following main conclusions were obtained.
e Heat transfer fluids study

Two types of nanofluids were formulated and investigated for the application in room
temperature and the low temperature. The BN/DI water nanofluids used in the room temperature
shows 5.2 % enhancement in the thermal conductivity compared to the base fluid for the 0.5
wt.%. The other material rGO/EG+DW nanofluids used for the temperature as low as -50 °C has
17 % thermal conductivity increase with the concentration of 2.0 wt.%. This suggests that the

nanofluids can have a better thermal performance for the microfluidic channel than the base fluids.

e Performance of the microfluidics

With the experimental comparison of the copper-foam based microfluidic channel and the micro-
jet channel, the micro-jet channel was chosen due to a higher heat transfer coefficient. Both base
fluids and nanofluids were experimental tests and the numerical simulation was validated with
the micro-jet channel. The test showed that the BN/DI water nanofluids with a concentration of



0.5 wt.% can increase the heat transfer coefficient 5 % compared to the DI water. Meanwhile,
the 2.0 wt.% rGO/EG+DW nanofluids showed a similar trend with an 11% increase in the heat

transfer coefficient compared to EG+DW base fluid.

The direct measurement of the temperature with Raman thermography was used to measure the
temperature in the finger of the die. The experiment test suggests that with the target power
density of 5 W/mm in the finger (1x107 W/mm? in the finger), the peak temperature in the devices
was 120 <C far below 200 <C. The thermal resistance for the jetting channel was 19.76 <T/W.
The device used in the experiment was GaN-on-SiC. For the GaN-on-Diamond, a higher power

density can be obtained.

Thus, for the thermal management of the GaN devices, the nanofluids, material selection for the devices
thermal package and micro-jet channel play important roles once the specific GaN transistors are

selected.

Keywords: thermal management, GaN transistors, microfluidic channel, micro-jet channel, copper-
foam based channel. nanofluids, rGO, heat flux, heat transfer coefficient, thermal resistance, thermal

conductivity, viscosity
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CHAPTER 1 INTRODUCTION

1. Introduction

1.1 Background

Last four decades have seen an unprecedented increase in communication, defence, and computing
technology. This leads to the high demand for electronic devices such as microchips with better
performance. Thus, obtaining higher power density [1] and meanwhile, a smaller size [2] is one of the
most important aims of high-performance GaN semiconductors and mini- and micro-scale electronic
devices. A larger and larger heat flux on smaller and smaller microchips needs to be efficiently
dissipated to maintain the performance of an electronic device. According to the literature, 0GaN based
microelectronic devices can achieve a power density well over 4 W/mm [3]. So an effective cooling is
a vital step to increase the lifespan of the device [1], as the heat flux at the backside can still be larger

than 1.96 kW/cm?[4].

One of the main bottlenecks for the power dissipating is the highly heterogonous heat flux in the
electronic devices. If heat cannot be efficiently removed from the electronic devices, the temperature
on the device keeps increasing which can significantly decrease the device’s reliability and might lead
to its failure. According to the literature [1], with the increase of operating temperature, the possibility
of the device’s failure increases almost exponentially. Thus, thermal management (TM) is crucial for

electronic devices and heat transfer intensification (HTI) is one of the key technologies to enable TM.

HTI can be realized using an efficient heat transfer fluid (HTF) [5]-[9], an extended heat transfer surface
and/or extending the flow path of the HTF [10]-[13]. The traditional technology with air-cooling for
the electronic device is simply not sufficient for the increase of the high heat flux. The forced convection
with liquid is one of the solutions for heat removal. The traditional HTFs used for cooling channel such
as water, EG, and/or their mixture etc. have disadvantages in thermophysical properties. To enhance
those properties, nanofluids with nanoparticles in the base HTF seems to be a promising vision for the
novel HTF. The other possibility for the efficient dissipation of heat flux is combining the electronic

devices directly with the micro-jet impingement array. Compare with other different cooling channels



such as microchannel and metal foam based channel, the micro-jet impingement has the highest heat

transfer coefficient with an acceptable pressure drop in the cooling channel for devices.

1.2 Aim and objective and for this PhD project

This PhD project aims to investigate the potential of maintaining a low temperature at the back of GaN-

on-Diamond microchip. The main challenge for the objective is the high power density on the GaN

layer of the devices. To achieve the required aim, the objective has divided into 3 tasks: TM with novel

HTFs, microfluidic channels and thermal packaging of the devices with the microfluidic channels.

()

()

®3)

The first task is to find candidates for novel HTFs. As the microelectronic devices are used in
the out space and/or other location with ambient temperature as low as -50 <C, nanofluid with
reduced graphene oxide (rGO)/ethylene glycol (EG)+water mixture (6:4) was used for
temperature below 0<C. Meanwhile, Boron Nitride (BN)/DI water nanofluids were used for
temperature above 0<C.

The second task is to find a suitable design of microfluidic channels. For the microfluidic
channels, geometry optimization was done with simulation to obtain a high heat transfer
coefficient (htc). After the geometry optimization, 3D printing technology was used to fabricate
the optimized microfluidic channel. Then, a test rig was used to experimentally acquire the htc
with formulated nanofluids and base fluids for the comparison.

The third task is the reliable thermal packaging of the device with the microfluidic channel.
This task includes the die-attach material selection, the thermal packaging method and the
experimental test of the packaged system. For die attach material’s selection, numerical
simulation was the main vehicle to compare the thermal performance of different types of the
die attach materials that can be purchased in the market. The thermal resistance in the different
parts of the device was analysed. Due to the size difference between the microchip and the
microfluidic channel, it is also important to have a simple method to estimate the ability of the

given cooling channel with different microchips of different heat flux via the data obtained in



the experiment. In this investigation, different methods including experiment and simulation

were applied to investigate the thermal performance of the cooling channel.
1.3 Project description and methodology

In this project, experiment and simulation for the thermal performance of GaN electronics with
microfluidic channel were investigated. Meanwhile, the goal for the characterisation of nanofluids such
as morphology, stability, thermal conductivity, and rheology behaviour was experimentally tested and

measured.

The package of the microchip with the microfluidic channel inevitably requires appropriate die-attach
materials. Thus, the extra thermal resistances were introduced in the whole system. The heat spreader

and the die attach material were selected via the simulation.

In the simulation, the geometry of the die with detailed structure was made by the University of Bristol
for the simulation of the temperature in microchip and validation with temperature measured by Raman
thermography. The simulation of the GaN electronics with software Ansys Steady-State Thermal was

built to validate and predict the thermal behaviour of GaN-based microchips.

For the experiment with micro-jet impingement channel, the test rig was assembled with 3D print
cooling channel fabricated in the University of Birmingham, the U.K. and the microchips mounted on
the diamond heat spreader characterised by the University of Bristol, the U.K. To prevent potential
leaking during the experiment, a test rig for pressure drop were made prior to the thermal performance
test. After the experiment, the simulation of the micro-jet channel with software Ansys Workbench was

done to validate and predict the thermal behaviour of the cooling channel.

The method for combination of the detailed die model in Ansys Steady-State Thermal and the micro
jetting model in Ansys Fluent was given to reduce the time in the simulation and decrease the

consumption of the resource for the numerical computation.

As for the nanofluids, a two-step method was used for the formulation of rGO/EG+DW and BN/DI

water nanofluid. The SEM was applied for the morphology of the nanoparticles. The stability, particle

3



size distribution, thermal conductivity, and viscosity were measured with corresponding instruments.
All those measurements were done in the Birmingham Centre for Energy Storage. These measured

parameters were used in the simulation referred.

1.4 Structure of the thesis

The following thesis is divided into five chapters including the literature review, the methodologies,

results and simulations and the future work.

e Chapter two literature review

This chapter is the literature review part of the potential material and method used for the thermal

management of the microelectronics.
o Chapter three methodology of the numerical simulation

This chapter is the methodology of the numerical simulation which was used to simulate the

performance of the die and the micro-jet impingement channel.

e Chapter four methodology of the experiment

This chapter is the methodology of the experiment which includes the experimental setup, the
thermal packaging for the microchips and the uncertainty and the equipment used in the

experiment.

e Chapter five results and discussion

This chapter is the results and discussions which includes experiment results and simulation

results.

e Chapter six conclusions and future work

This chapter is about the conclusion and future work of the thermal management of the GaN-

based microchip.
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2. Literature review

GaN-on-SiC high-electron-mobility-transistors (HEMTSs) are now the incumbent commercialised
technology for high-power high-frequency radio frequency (RF) amplifiers, benefitting from high
current density, high-frequency operation and high breakdown field. This results in high operating
power densities, with over 30 W/mm being reported in laboratory tests [14]. However, with typical
power-added efficiencies of 50-60%, an equivalent amount of power is dissipated as Joule heating
inside the transistor channel. As a result, the heat flux can exceed 1 MW/cm=in each gate finger.
Considering the Arrhenius relationship between the operating temperature and mean time to failure

(MTTF), [15] GaN-on-SiC HEMTs are typically derated to an RF operating power density of < 5
W/mm to limit the channel temperature rise, usually to below 200 °C [16], to ensure long term

reliability [15]. Improved thermal management (TM) is therefore needed to unlock the full potential of
GaN RF HEMTSs while maintaining MTTF [1]. The requirement for improved package-level cooling is
even more demanding for GaN-on-diamond, which has a 3-fold increase in areal power density [17]-
[21]. GaN-on-diamond addresses the die-level thermal management, so the particular challenge is to
efficiently dissipate heat at the die backside, which has an area of only a few mm=leading to heat fluxes

of the order of tens of W/mm=

2.1. Thermal management of Gallium Nitride microelectronics

In the past few decades, the power density of microelectronic power devices has shown an
unprecedented increase with the size of the devices gradually shrinking. The ever increasing local heat
flux generated by the devices has to be efficiently dissipated to maintain the stability and reliability of
the devices. This makes Thermal Management (TM) a vital technology for the sector. This chapter
provides an overview of the research on TM. Figure 2. 1 shows schematically the main technologies
for thermal management enhancement, which fall into two categories and they explained in the

following:
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o  Microfluidic channels for far end cooling of the devices consisting of two aspects -

o Heat transfer fluid plays an important role in the cooling as well as carrying the heat away.
This can be sub-divided into traditional heat transfer fluids such as water and glycols and new
and emerging heat transfer fluids such as nanofluids e.g. BN and reduced graphene oxide
(rGO) nanofluids.

o Microfluidic channel itself plays a crucial role, which affects heat transfer coefficient and
pressure drop. There are many types of microfluidic channels including micro-jet channel,
micro-channel, metal-foam based channel.

o Materials for GaN devices to efficiently spread and dissipate heat consisting of the following three
aspects -

o Substrates for the GaN transistors is vital for the TM of the GaN microelectronics due to high
heat flux at the GaN layer. There are many different types of GaN transistors including GaN-
on-SiC and GaN-on-Diamond.

o Die-attach is equally important for the heat flux dissipation from the GaN devices. There are
numerous types of materials for the die-attach. Examples include silver paste, epoxy, metal
alloy, etc.

o Heat spreader for the integration of the device and the microfluidic channel is also important
for the TM as heat is transferred to the heat transfer fluid through this layer. There are
different heat spreaders including copper alloy and diamond etc.

A sound thermal management strategy for GaN electronics requires the consideration of all of those

aspects and the balance of conflict requirements to achieve the optimised performance of GaN devices.
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Figure 2. 1 Thermal management of the GaN transistors

As a result, this literature review focuses on the following aspects, which, as explained above, are all

important to make optimised thermal management solution to GaN electronics.

e Recent research on nanofluids as HTFs in Section 2.2;

e Die-attach for microelectronics in Section 2.3;

e Microelectronic cooling technologies in Section 2.4; and

e Numerical simulation of the thermal performance of microelectronic devices in Section

2.5.

2.2. Nanofluids as heat transfer fluids

Nanofluids are dilute suspensions of highly thermally conductive nanometre-sized particles (smaller
than ~100 nm). The base fluids of nanofluids include water, ethylene glycol, oil etc. as is shown in
Table 2. 1. The work on nanofluids for cooling started around 1995 when Steve Choi [22] proposed the
concept of nanofluids and there are numerous publications on the topic [15] — [23]. However, no

significant industrial applications of such fluids have occurred so far after more than two decades of
6
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research and development. An efficient heat transfer fluid should lead to the energy saving, the
reduction in the processing time, the increase of the lifespan of microelectronic devices and the
improvement of the performance of the system. However, nanofluids with all the expected advantages
over traditional heat transfer fluids are yet to be formulated. As a result, a considerable amount of global
effort is still made in the area.
2.1.1. Preparation of nanofluids
I\
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Figure 2. 2 Schematic preparation of nanofluids via a one-step method

There are two main methods for the preparation of nanofluids there are discussed in the following. The
first is the so-called one-step method nanofluid which consists of synthesising and dispersing the
nanoparticles at the same time in the base fluid. The most obvious advantage for this kind of the
nanofluids preparation is that the stability of the nanofluids can increase as it decreases the possibility
of the agglomeration of nanoparticles in the drying, the storage, the transportation etc. As is illustrated
in Figure 2. 2, Zhu et al [32] have obtained the non-agglomerated and stable suspended Cu nanofluids
via the one-step chemical method. The nanofluid was fabricated by reducing the copper sulphate
pentahydrate (CuSO4 5H,0) with the sodium hypophosphite (NaH2PO; H-0) in the ethylene glycol
solution under with microwave irradiation. However, there are several disadvantages to the one-step
method. Compared with the two-step method, the cost of the one-step method is quite high. It is also
difficult to synthesis the nanofluids in a large scale [33]. In some cases, due to the incomplete reaction,
there are residual reactants in the nanofluids that need to be eliminated to evaluate the nanoparticles’

effect.
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Figure 2. 3 Schematic preparation of nanofluids via a two-step method

The most commonly used method in the synthesis of the nanofluid is the two-step method that is
illustrated in Figure 2. 3 are produced by the physical and/or chemical method. It has been stored and
transported before it dispersed into the base fluids. The nanoparticles dispersed into the based fluids are
homogenized by ultrasonication, high shear mixing and/or magnetic force agitation etc. The advantages
of the two-step method are: (1) compared to the one-step method, it is an economical method for the
mass production; (2) the purity of the nanoparticle can be granted. However, the most obvious
disadvantage is the tendency of the agglomeration of the nanoparticle due to the high surface area and
surface activity. Meanwhile, the stability of the nanofluids in the high temperature needs to be

concerned during the fabrication.

Table 2. 1 Typical base fluids for synthesising nanofluids

Base Fluid k* Enhancement Volume Fraction References
Mineral oil 8.7 %-76 % 0.01-0.1 wt.% [34]
Water 1.1-78 % 0.001-15 % [35],[36]
G 2 %-30.3% 0.025-5.5 % [37]
26 %-168 % 0.05-0.2 % [38]
EG-water (50:50) 5 %-22 % 0.03-3% [39]
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EG-water (10:90) 5% 0.1-0.5wt.% [40]

* k is the thermal conductivity.

2.1.2. Base fluids for low and ambient temperature applications

The ambient temperature for the GaN-based microchips is around room temperature to as low as -50 <C
[41]. Thus, it is important to find the base fluids used in that temperature range. Water, glycols, and
their mixtures have been mostly used as low temperature and room temperature heat transfer fluids.
Water has many advantages such as low price, high abundance and high specific heat capacity; therefore,
it has been widely used and studied. However, because the freezing point of the water is 0 <C, it is not
suitable for the application of the temperature below that point. Ethylene glycol (EG) and water
mixtures decrease the freezing point of the formulation as is Figure 2. 4. Thus, it can work at a lower
temperature range. Water and EG, as is shown in Table 2. 2 present a low thermal conductivity that has
a significant effect on the thermal performance of the system where it is used. Hence, nanofluids can

be one solution to solve these drawbacks.

0 25 50 75 100
EG concentration [wt.%]

Figure 2. 4 Freezing- point of the EG and water mixture
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Table 2. 2 Physical properties parameters of the water and EG

Base fluid k [T p* Cp* Ref
W/(m K) mPa-s g/cm?® kJ/(kg-K)

EG 0.252 15.7 1.114 2415 [31]

Water 0.5990 1.1404 1.0000 4.1900 [7]

* 1 p and Cp are viscosity, density and specific heat capacity, respectively.

2.1.3. Classification of the nanoparticles

Nanofluids have been shown by many studies to be able to give a higher heat transfer performance than
the base fluids [42]-[44]. In some reports, the addition of a small concentration of nanoparticles was
shown to dramatically enhance the thermophysical properties of the base fluids [45]. Any solid
nanostructure with appropriate properties (such as thermal conductivity, chemical compatibility with
the base fluid etc.) can be used as an additive to the base fluids. The selection of nanoparticle depends
on its thermal properties, morphology, chemical compatibility with the base fluid, the chemical stability
in the working temperature range and other factors such as the toxicity and the cost. Table 2. 3
summarized the main thermal properties of the nanoparticles mentioned above with the formulation of

water and EG based nanofluids.

o Metal oxides, such as the Aluminium oxide (Al2Os) [9], the Copper oxide (CuO) [46] and the
Titanium oxide (Ti0-) [46], as they present a high oxidation resistance; hence are chemically
stable and lower density than their respective metals so the nanofluid particles are more difficult
to settle down [47]. Those can increase the stability of the nanofluid.

e Carbides and nitrides (Silicon Carbide (SiC) [8] and Boron Nitride (BN) [48]) as they present
a high thermal conductivity e.g. SiC has the 220 W/(m K) [27] and low-density e.g. BN has a
density of 2.27 g/lcm349].

o Metals (Silver (Ag) [50]and Copper (Cu) [51] as they present a high thermal conductivity. Ag
and Cu have a thermal conductivity of 430 [26] and 401 W/(m K) [52], respectively. Those

properties make it suitable for nanoparticles.

10
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e Carbon-based materials (graphene [53] and multiwall carbon nanotubes (MWCNT)[54]) has
the merits of high thermal conductivity which is 3000 W/(m K) in parallel and (2) chemical

stability and reasonable price.

Table 2. 3 Thermophysical properties of nanoparticles

nanoparticle k p Cp Ref
[W/(m K)] g/cm?® kJ/(kg K)
Al;Os 40 3.970 765 [31]
CuO 20 6.500 535.6 [31]
ZnO 13 5.6 495.2 [31]
TiO, 8.9538 4.250 656.2 [52]
sic 220 _ _ [27]
Ag 430 10.49 235 [26]
Cu 401 8.933 385 [52]

Parallel to surface 3000
Graphene 2.0-2.25 [55]
Perpendicular to surface 6

For the same nanoparticle, the morphology can significantly affect the properties of nanofluids. There
are researches [56]-[59] about the effect of nanoparticle’s size on the thermal conductivity and viscosity
of the nanofluids, as is illustrated in Table 2. 4 In those researches, Anoop et al. [57] have investigated
the effect of particle size on the thermal conductivity and viscosity of alumina nanofluid. The
nanoparticles with sizes of 45 nm and 150 nm were used in experiments. It is observed that as particle

size reduced, the thermal conductivity of the nanofluid was increased.

The researches [60]-[66] showed that an increase in temperature enhances the thermal conductivity
ratio of nanofluid. And the velocity of nanoparticles leads to enhance heat conduction in micro-
convection might be a reason for the enhancement [67]. Esfahani et al. [60] have investigated the

thermal conductivity of silica/water-ethylene glycol (40%-60%) nanofluid at different temperatures.

11
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Temperatures in experiments were between 25 <€ and 50 <C. Results showed that with raising the
temperature from 25 <C to 50 <C, in the volume fraction of 5 %, thermal conductivity increased from

38.4 % to 45.5 %.

Table 2. 4 Thermophysical properties of nanofluids with different nanoparticles

Base fluids Nanoparticle Size k enhancement Ref
reduced GO _ 15% [68]
Cu 40nm _ [54]
Al2O3 235nm 4.22 % [9]
v-Al,03 50nm 1.8% [10]
TiO, 120nm _ [69]
a-SiC 115435nm 20 % 8]
Ag 10nm _ [70]
Ag 165nm 9.0% [50]
Cu 63~100nm
Al 40nm
Al,O3 20nm
Fe20s 40nm _ [51]
water Graphite 40nm
MWCNT 10nm
Al,03 20-30 nm 7.8%
CuO 40 nm 10.2 % [46]
TiO; 10 nm 3.1%
SiO, 2-10 nm 43 % [71]
graphene thickness 1-5nm 7% [53]
graphene _ 276 % [72]
GO thickness 3-7nm 28 % [73]
h-BN 60-80nm 13 % [48]
h-BN 80 nm 16.08 % [49]
EG Al;03 -

12
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CuO
SiO;

Zn0O

20-80nm

[31]

2.1.4. Properties of nanofluids with predictive models

Adding nanoparticles into the base fluids significantly affects the thermophysical properties of the base

fluids such as thermal conductivity, viscosity, density, specific heat capacity etc. A summary of the

calculation of those parameters is given in this section.

Thermal conductivity

Table 2. 5 A summary of thermal conductivity model

Author Model Ref.
Maxwell Ketr = e ke (2D [74]
= s
Hamilton Kefr = kpHi;i)zklg_((z;(li:i;p_kf) ke (2-3) [76]
Keff = Kstatic + KBrownian (2-4)
b = S 09 1
Knrounian = 5% 10B0,0,C, [£25.T, 0p) 2:6)
Yu & Choi kepy = gLty D ks (2-7) [78]
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_ 20-p+a+p)3a+2y)y i
kpe = -(1-P)++p)3(1+2y) kp (2-8)

_ m ) Kp+kp+20p(kp—Kkf)
Prasher kers = (1+ ARe™Pr® 333%)[m]kf (2-9) [79]

The widely studied model for the thermal conductivity of the nanofluids is the effective medium theory
model. Maxwell’s model is based on the assumption of spherical particles and random suspensions as
is given in Table 2. 5. For the differential effective medium with a high concentration of nanoparticles,
Hamilton’s model can be used for spherical particles. In reality, particles, such as carbon nanotube,
graphene etc., are not spherical. Taking into account of the effects due to the different shapes of
nanoparticles, Yu’s model and Nan’s model models can be used. For graphene-based nanofluids, Nan’s
model seems to agree well with experiment results[23], [40], [80]-[86]. Another factor may not be
neglected for the nanoparticles are the Brownian motion. Both Prasher’s model and Koo’s model have

been proposed to include the Brownian motion in Maxwell’s model.

Viscosity
Table 2. 6 A summary of viscosity model
Author Model Ref.
Einstein Uerr = (14 2.5¢,)u; (2-10) [87]
Adedain Uesr = Ur/(1 — 2.5¢,) (2-11) [88]
Brinkman terr = Hr/ (1 + 2.5¢,)%° = (1 + 2.5¢,.)uf (2-12) [89]
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Chen terr = ur(1+ @p + (10.69,)?) (2-13) [89]

Xuan & Roetzel Herr = lp/(1 = @,)%> (2-14) [90]

With nanoparticles dispersed into the base fluids, the dynamic viscosity of the base fluid increases.
There might be also a dramatic change for the rheological behaviour with concentration increases. The
trend for the viscosity of nanofluid with the concentration is similar to the thermal conductivity. This
means the pumping power in the system with nanofluids as heat transfer fluid might be higher than base
fluids in the same condition. Some models for the prediction the effective viscosity are given Table 2.
6. In 1906, Einstein proposed a model to calculate the viscosity of the mixture. This model assumes the
infinitely diluted suspensions of spherical shape nanoparticles with no interaction between particles.
However, Non-applicable for high concentration (>2%) is its main shortage. Thus, serval other models
have been given to extend the use of Einstein’s model. Adedain’s model is an extension of Einstein’s
model with a concentration of up to 20%. Brinkman’s model considered the effect of the addition of
one solute molecule to an existing solution. As the rheological behaviour might change with the shear-

rate, Chen’s model can be used for that condition.

Density

Another important thermophysical property is the density of the dispersion. According to the literature,
there is a very simple correlation for the density of the dispersion with base fluids and nanoparticles in

low concentration. It is expressed;

Perr = (1= @p)pr + Pppp (2-15)

Specific heat capacity
The specific heat capacity has a very similar correlation as the density in low concentration as which is

derived from the mixture rule principle. The equation is;
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(1=0p)PCp,r+0pPpCp,
Cp,eff — ») fpz;fff pPpep.p (2-16)

2.1.5. Boron Nitride nanofluids

Water-based Boron Nitride (BN) nanofluids due to its favourable thermal properties, chemical, physical
stabilities and high electrical resistance [34], [38], [39], [48], [49], [91]-[93], makes the BN nanofluids
suitable for the cooling of electronic devices with little electromagnetic interference. Zyta et al. [38]
have investigated the thermal conductivity enhancement of BN/EG nanofluids. The results showed that
the highest enhancement is about 260 % at a volume concentration of 12 %. Ilhan et al. [48] have
investigated the hBN/water nanofluids with a volume concentration range of 0.1 %-1.0 %. The thermal
conductivity enhancement and viscosity increase in their studies was about 13 % and 8 %, respectively,

at 1.0 vol. %. More works about BN nanofluids can be seen in Table 2. 7.

Table 2. 7 Thermal conductivity and viscosity increase of BN nanofluids in literature

based fluid concentration k enhancement p increase Ref.
EG 5%-20 wt.% 260 % in 20 % - [38]
Mineral oil ~ 0.01 %-0.1 wt.% 76 % in 0.1 % _ [34]

About 1200% in 6 %

BNNTSs
Water 0.6 %-6 vol. % 260 % in 6 % BNNTs [92]

160 % in 6 % BNNSs About 200% in 6 % BNNSs

DI water 0.001 %-0.1 vol.% 16%in 0.1 % 16 %in 0.1 % [49]

Water 0.1%-1 vol.% 12%in1% 8%inl% [48]

16



CHAPTER 2 LITERATURE REVIEW

As is referred before, the smaller size seems to have a better thermal conductivity enhancement with
the same concentration. In this PhD study, the wet milling has been applied to decrease the particle size
of BN. The main highlight of the experiment is the fabrication and characterization of the morphology,
the stability, the thermal properties, the rheology behaviour, and the electrical conductivity of the BN/DI
water nanofluids. Great attention has been given to explain the properties of the stable wet milling
nanofluids. Besides, there is little research about the influence of different temperature on thermal
conductivity and the rheological behaviour of wet milling BN/DI water nanofluids. Therefore, the
temperature dependence of thermal conductivity and rheology behaviour has been investigated.

Moreover, the stability of the BN-nanofluids is studied with its zeta potential and storage time.
2.1.6. Graphene nanofluids

As is shown in Table 2. 8, Nano-platelet graphene due to its favourable properties has been widely used
to enhance thermophysical properties of the base fluids. Gao et al. [94] have investigated the thermal
conductivity of graphene nanofluid with water and ethylene glycol as base fluid. The results showed
that compared to the pure EG, GNP/EG+DW (1:1) nanofluid has higher thermal conductivity
enhancement with a more obvious difference at sub-zero temperature than that at a higher temperature.
Kole et al.[80] have measured the stability, thermal conductivity and viscosity of the surfactant-free
graphene/EG+DW nanofluid. The results show that the Hummers’ method prepared functionalised
graphene shows long stability over 5 months. For the thermal conductivity enhancement, the results
suggested Nan’s model could be used for the explanation. This same enhancement trend was also found
in the work of Yu et al [95] and Cabaleiro et al[81]. More works related to the viscosity and thermal

conductivity from literature is given in Table 2. 9.

Table 2. 8 The thermal conductivity enhancements and viscosity increase in literature

base fluids k enhancement [ increase Ref.
EG 4.6 %
[94]
DW 6.8 %
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EG+DW (1:1) 18 %
EG+DW (7:3) ~15 % ~100 % [80]
EG 61 % [95]
EG+DW (1:9) 4.0 % 12.6 % [81]
Propylene-glycol(PG) - water (3:7) 222 % [28]
Water 14.2 % ~87 % [96]
Water 45.1 % [97]
Water ~20 % 21.4% [98]
EG+DW(1:9) 5% 12.6 % [40]
Water 22.22 % 30 % [29]
EG 12.7 % [99]
Water 37.2% [100]
Water 10.3% [101]
Water 12 % 24 % [102]
EG 30 % 127 % [82]
Water 47.5 % [103]
Water 27.64 % 44 % [83]
Water 15 % 100 % [84]

Water 30.2 %
[104]

PG 62.3 %

Liquid paraffin 76.8 %
Water ~75% [105]

EG ~8 %

Water 17 % [106]
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Water 32.19 % ~200 % [107]
Water 6.24 % 15.65 % [108]
EG 86 % [85]

2.3. Die attach selection

As the die-level heat fluxes can be = 1 kW/cmz [109] for the GaN-on-Diamond /GaN-on-SiC device.

To make the heat sufficiently dissipated to the microfluidic channel, it is important to choose the die-

attach material.

2.2.1. Requirement for the die attach material

W i

Temperature

Diamond .
Dig-attach
Diamond heat spreader

Low
RS S W— Temperature

Figure 2. 5 Schematic diagrams of a microchip with a cooling channel combined via the die-attach layer

Heat flux at the bottom of the die is still high. Thus, thermal management in this part is also vital. High
thermal resistance will prevent the heat transferred from this the die to the microfluidic channel as is

shown in Figure 2. 5 The heat transfer at this layer follows Fourier’s law,

ar =% (2-17)
Ry = L/k (2-18)

Where AT is the temperature gradient in the die-attach layer,

R;p, is the thermal resistance of the die attach layer,
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g is the heat flux,
k is the thermal conductivity of the die attach material,
L is the thickness of die attach.

In order to decrease the temperature drop in the die-attach layer, it is important to decrease the thermal
resistance. Thus the aim is to find a die attach material with high thermal conductivity meanwhile the

thickness at this layer cannot be large.

2.2.2. Types of die-attach

(1) Sintered metal

The most common sintered metal used for die attach is silver due to its high thermal conductivity (428
WI/(m K)). However, during the sintering process, the thermal conductivity decreased. Some
investigations gave the value of 200 £20 W/(m K) for the silver [110]. The reason for the decrease of
thermal conductivity might be the porous structure formulated during the sintering as is Figure 2. 6 The
thickness of the sintered silver die attach varies a lot with the different investigations. Some search
achieved a thickness of 20 um [111], while others claimed the thickness of several hundred micrometres
in the research [112]. As for the reliability test, some research has experimented with the test rig shown
in Figure 2. 7 [113]. Another sintered metal can be used for the die attach is made of copper which has
a thermal conductivity of 401 W/(m K). After the sintering, the die-attach has a thermal conductivity

of 94 W/(m K) [110].
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> DBC

Figure 2. 7 Schematic of test specimens for the sintered silver nanoparticle paste (not to scale)[113]

(2) Gold-based alloy

Gold-tin (Au-Sn) system are one of the most used gold-based alloys [115],[116]. This type of die-attach
relies on the theory of the solid-liquid inter-diffusion. The thermal conductivity of this type of die-attach
is around 50 W/(m K). As is shown in Figure 2. 8, the thickness of the die attach can be less than 10

um. However, compared to the pure gold, the die attach is stiffer and brittle. Meanwhile, the alloy is
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harder than tin. The reason for this is the inherent properties of die attach material with the inter-

diffusion process.

Si
500 & Cr
4.1 um Au

80&0-205n

500 & Au

Figure 2. 8 Schematic representation of the Au—Sn system [113]

(3) Lead-based alloy

Another type of the most widely used metallic alloy for die-attach is lead (Pb) based material, especially
Pb-Sn alloy. The research showed that the thermal conductivity for the Pb-Sn system is around
40W/(m K) [117]. The main disadvantage of the lead alloy is the threat of lead to human and

environment.

(4) Epoxy adhesives

The traditional adhesive is made of epoxy that has quite low thermal conductivity. Some research
showed this value of around 0.38 W/(m K) [118]. To increase the thermal conductivity in the adhesive
die attach layer, silver has been added into the adhesive material. The thermal conductivity for those
silver-filled adhesives various from 5-25 W/(m K). The reason for the enhancement of thermal
conductivity is illustrated in Figure 2. 9 Due to the nanoparticles formed shortcuts for the micro size
particle that increases the multichannel heat dissipation pathway and the increase of contact area in the
adhesive material, the thermal conductivity, thus, enhanced. The thickness for the adhesive is roughly

around 25 pm.
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Figure 2. 9 Schematic illustrations of heat dissipation route of the DAAs (A) before and (B) after adding one-dimensional

(5) Other die-attach types

nano-fillers, or (C) after adding nanoparticles [119]

There are some other types of the die attach material such as Ag-Al alloy, SAC solder, transient liquid

phase bonding, Sn-Ag-Cu etc. The thermal conductivity and thickness which affect the heat-dissipating

of the die are listed inTable 2. 9.

Table 2. 9 Thermal conductivity and thickness of the die attach

Material Thickness k Ref.
pm W/(m K)
Sinter sliver 40 80 [117]
Sinter silver 25-50 100-170 [120]
Sinter silver 100 [121]
Sinter silver 25-55 [114]
Ag-based die Sinter silver 100-170 [118]
attach Sinter silver 60 [122]
Sinter silver 40 [123]
Sinter silver 20020 [110]
Sinter silver 30 [124]
Sinter silver 20 [111]
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Sinterable nanosilver 25-50 [125]
Sinter silver normal 320 [112]
Sinter silver annealed 320 [112]
Sinter silver Non-pressurized 1460 [112]
Sinter silver+SiC 200 ~50 [126]
Sinter silver + hBN 200 ~50 [126]
Sinter porous Ag 50 [127]
mAgic sinter silver 25 >100 [128]
Nanosilver 130 [129]
Nanosilver 18 [130]

Ag nano-paste 125 [113]

Silver paste 50 [131]

Silver paste 75 [132]

Silver paste 2-25 [133]

Sliver paste 25 250 [134]

Silver paste 25-50 60 [120]

Silver paste 10 0.616 [135]

Novel silver paste 98 [136]
Nanosilver paste 180 [137]
Nanosilver paste 200 [138]
Nanosilver paste 125 [139]
Nanosilver paste 100 [140]
Silver bonded LTJT no pressure 29 [136]
Silver bonded LTJT 40 MPa 220 [136]
Sn-Ag solder 100 30-50 [128]

Sn-Ag solder 120 [141]

Sn-Ag solder 94 [116]
Sn-3Ag-0.5Cu 65+ [142]

Snes 5Ag3.9CU06 200 [132]
Ag-In solder 5 [143]

Ag rich alloy 10 [143]
Agso—Alo 25.4 [144]
Agao—Al 54 [145]

Ag stress-migration bonding 4 [146]
80AuU-20Sn 5 [139]
Au-5n30 58 [147]
Au-20Sn 59.1 [148]

Au based alloy Au-Sn solder <5 [113]
Au-Sn Solder 26-27 [115]
Au-Ge solder 48 [129]

Au/Sn eutectic bonding 5 28 [135]
AuGel2 solder 75 44 [138]
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Aulnl9 solder 50 28 [138]

Sn-Pb37 51 [147]

Pb based alloy Sn-Pb solder 43 [117]

Pb-5Sn 35.6 [148]

epoxy 0.38 [118]

Silver filled epoxy 29 [118]

Epoxy 0.2-0.3 [133]

DDA 10.38 [119]

DDA+10% commercial flake 13.12 [119]

DDA+5% NSPs 13.52 [119]

epoxy adhesive DDA+10%NSPs 21.94 [119]

DDA+5% silver nanorod 13.72 [119]

DDA+10% silver nanorod 15.78 [119]

DDA+5% Ni nano chains 10.68 [119]

DDA+10% Ni nano chains 13.88 [119]

Ag-epoxy adhesive 5.140.2 [142]

Silver filled epoxy 25.4 [149]

Paste 150 14347 [142]

Sinter copper 94 [110]

SAC 305 solder 57.8 [140]

SAC305 50 [133]

SN100C solder 64.0 [140]

Zn-Al-Mg-Ga -Solder 30 [150]

Cu-Sn transient liquid phase 15 [151]

Ni-Sn transient liquid phase 15 [151]
Other types

Zn-Sn solder 200 100-106 [148]

Lead-free solder 50 [152]

Solder 10 4.2 [135]

Solder 100 32.2 [153]

Solder 20 48 [154]

Solder 10 4.2 [135]

Solder ~60 [133]

2.4. Liquid cooling methods for the microchip

Several designs of microfluidic channels have been studied for efficient heat dissipation. The following

section will review some of the most commonly used technologies for the microfluidic channels.

25



CHAPTER 2 LITERATURE REVIEW

2.3.1. Microchannel

Beni et al. [155] studied microelectronic cooling with different shapes of microchannels, as shown in
Figure 2. 10 Their studies suggested different microchannel shapes would have significant effects on
thermal performance and pressure drop. The sinusoidal structure can increase the lifespan of the
electronic devices by 44% with pressure drop increase by 18%. Reddy et al.[156] have investigated the
performance of micro pin-fin arrays for cooling electronic with a hot spot. In their studies, the pressure
drop between inlet and outlet was over 0.25 MPa to keep the highest temperature below 75 <C. Al-
Waaly et al.[157] have studied the thermal performance of the microchannel with sub-channels for the
cooling of a microchip. The results showed that a 20 % decrease for the thermal resistance was found
for the microchannel with sub-channels. Meanwhile, the pumping power showed an 11 % increase in
pumping. There are researches [5], [158], [159]combining nanofluids with microchannel to enhance the
performance of the cooling channel. According to the literature [16], [160]-[162], to maintain the
temperature in the die to be less than 200 <C, the velocity in the microchannel was relatively large (in
some cases, larger than 10 m/s), as is shown in Figure 2. 11. The high inlet velocity can cause a large
pressure drop (over 1 bar) in the channel. Many other problems such as the sealing of the channel

without liquid leaking may occur due to the high pressure in the channel.

" INTERNAL FLOW
DIRECTIONS

¢
INTERNAL FLOW L:

DIRECTIONS

Figure 2. 10 Schematic view of fluids flow in the microchannel view [155]
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Figure 2. 11 Microchannels for cooling the die attached on (1/4 model)

2.3.2. Metal foam

Metal foams have been studied as a possible solution to enhance heat transfer in microfluidic devices.
The large surface area to volume ratio (about 1000-3000 m#m3 [163] and the porous metal tortuosity
provide an extended heat transfer area, as is shown in Figure 2. 12. The metal foam characteristics, such
as porosity, pore per inch (PPI), pore size, and permeability, directly affects the properties of the flow,
and hence the heat transfer performance. Boyomy et al. [164] studied the heat transfer development and
characteristics of an aluminium foam heat sink for an Intel Core i7 processor, as is shown in Figure 2.
13. They observed that the Reynolds number increased with the thermal entry length increase. Wang et
al. [165] investigated the pressure drop and heat transfer in a metal foam filled with tubes The results
showed compared with constant heat flux, a lower Nusselt number under convective boundary
conditions was obtained. Nazari et al. [166] found that the heat transfer rate increases when a nanofluid
flows through a pipe filled with a metal foam, comparing to an empty tube. According to the literature,
the heat transfer coefficient of the copper-foam is roughly around 1.5-10.9 W/(cm=2K) with an
acceptable pressure drop. However, the given heat transfer coefficient is not high enough to dissipate

the high local heat flux on the die without large temperature increases.
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Porous material

Figure 2. 13 A figure of metal foam based cooling channel [164]

2.3.3. Micro-jet impingement

Compared to the microchannel and metal foam based cooling channel, the micro-jet impingement is
one of promising technology as it has the largest heat transfer coefficient for single-phase flow with

acceptable pressure drop [167].

Jet, as is defined by its name, is made of a jet flow from nozzles, orifices, and/or slots and mixed with
its surrounding fluid. The jet has been used in many fields such as pump, steam pump, chemical
engineering equipment etc. The jet can be classified by different criteria. (1) flow state as laminar jet
and turbulence jet; (2) temperature between the jetting area and environment area as isothermal jet and
temperature difference jet; (3) concentration between the jetting area and the environment area as equal
concentration jet and difference concertation jet; (4) the space of the jetting as free jet and confined jet.

As for the free jet, the jet flow is not confined by the solid wall otherwise the confined jet.
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e Background of the jet impingement

Figure 2. 14 shows the flow of the submerged jet impingement of a round orifice through several regions.
It should be noticed that in the real application, not all of the regions are existed due to the distance
between the orifice of the jet to jet impinging plate H might not be long enough. The important
geometrical parameters are the jet-to-jet impinging plate H and the diameter of the orifice D as is

illustrated in Figure 2. 14. The H is relatively long enough to have all regions in a schematic illustration.

After the liquid exiting the orifice, the flow behaviour of the liquids can be regarded as a free jet as the
far distance of the impingement wall. In this region, the peripheral velocity gradient causes the
entrainment of mass, momentum, and energy from the quiescent ambient fluids due to the shear-driven

interaction the peripheral velocity gradient causes.

However, in the impinging forepart, the flow interior is not influenced by the heat transfer and
momentum transfer in the shear-driven layer, although this shear driven layer progressively widen. This
area is called the potential core region, which is made of the quasi-conical unperturbed area. In the
potential core region, the original velocity, temperature, and total pressure are the same as the initial

value in the orifice.

Region lII: Impingement zone
= —-
Stagnation -~ ‘
Point ; Region IV: Wall jet
Region II: - .i
Decay jetting P
A1
noe Shear layer
Region I: _ \fHTi
Potential Core X7+~ __ Orifice

Figure 2. 14 the schematic of the jet impingement
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The decay jetting region follows the potential core region as the axial velocity component in this region
continuously shrinks. This region can also be called flow developing-region or jet fully developing-

region.

The stagnation region refers to the area where the axial velocity of the jet flow sharply decreased to
zero due to the jet hit the impingement wall. In addition, the axial velocity component decreases and
transfers its direction in parallel to the impinging wall. Thus, high static pressure has been build up in
the stagnation area and then it decreases as the velocity accelerates along the impinged wall. This
inhomogeneous transition of the flow affects all the local transport properties as the high normal and

tangential stresses created in this region.

The wall jet region is in the downstream of the stagnation region where the flow spreads radially
outwards and force to be parallel to the impinged plate. This eventually developed into a semi-confined
flow. The thickness of the boundary layer gradually increases as the wall jet progress. In-wall jet, the
laminar boundary layer exists due to the stabilizing effect of the acceleration. However, the transition

from laminar to turbulence can occur after the flow reaches its maximum velocity.

In this study, the micro-jet array with die mounted on diamond heat spreader is illustrated as is shown
in Figure 2. 15 A 3D printed channel with micro-jet fabricated on the jet plate. The whole channel is
directly bonded with the diamond heat spreader with die mounted on top of it. This design eliminated
any potential contact resistance between device and cooling channel. Between the jetting orifice and
the device, a relatively large jetting chamber is used to circulate the heat transfer fluid pumped from
reservoir impinges on the back of heated diamond heat spreader. The dissipated heat is carried by heat
transfer fluids from the outlet to the reservoir. It should be mentioned that the heat transfer fluids during
the micro-jet impingement do not change their phase to prevent the instability of the whole system due

to the large pressure drop in the phase change.
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Diamond heat spreader

Outlet

~

Microjet impingement inlets

Figure 2. 15 Schematic of micro-jet impingement with the die-on-diamond heat spreader

o Application of micro-jet impingement with microelectronics

Jorg et al [168] investigated the thermal performance of micro-jet impingement for a microelectronic
module. The core unit consisted of a 12 mm >x10 mm cooling chamber, which was 9 mm in height. The
size of the micro-jet orifice was 900 um as is shown in Figure 2. 16 The results showed that with an
inlet temperature of 22.5 <C, the inlet flow rate of 30 mL/min and power of 51 W in the microelectronic
device, the maximum temperature on the device was 163 <C. The heat transfer coefficient up to 6000
W/(m=3K) was achieved with the same flow rate using only 10.8 cm=of assembly space for the cooling
device. The assumption of pumping power was 3 mW. Jorg et al. [169] also performed the direct cooling
of the microelectronic with a micro-jet array. The results showed that reducing the nozzle diameter from
1.6 mm to 0.6 mm lowered semiconductor peak temperature from 110 <C down to 90 <C. However,
with the diameter decreasing to 0.6 mm, the power consumption increased over 30 times. Compared
with pin fin heat sink, the 3 micro-jet orifices with a diameter of 0.6 mm can achieve similar thermal
performance. Deng et al. [170] have carried out electrospray cooling for microelectronics. As is
illustrated in Figure 2. 17 a cooling system with micro-fabricated multiplexed electrosprays in the cone-

jet mode could remove a heat flux of 96 W/cm3with a cooling efficiency reaching 97 %.
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Figure 2. 17 Spray visualization of a 91-nozzle MES system with a packing density of 253 sources/cm3170]

Maddox et al. [171] have investigated the cooling of power electronics with a confined array of
impinging liquid jets, as is shown in Figure 2. 18 The effects of jet height, nozzle length, and Reynolds
number on the heat transfer coefficient were investigated. The results showed that the maximum local
heat transfer coefficient of 15,600 W/m=K were measured for H/D, = 1, L/ D, = 2, and Rep,=14,000;
while the maximum surface average heat transfer coefficient of 13,700 W/m3 were achieved for H/D,

=3, L/ Dy =0, and Repy,=14,000.

Han et al. [172] have studied the thermal management of microelectronics with the jet-based Si micro
cooler as is illustrated in Figure 2. 19. The results showed that with 50 mW pumping power for the
micro cooler, the microelectronic device’s temperature can be maintained under 51 °C with the heat
dissipation of 260 W/cm=The results also showed that the pressure drop for the micro-jet impingement

channel was around 19 kPa with a flow rate of 0.3 L/min.
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Figure 2. 18 Jet impingement flow chamber [171]
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Figure 2. 19 Schematic 3-D images of the new hybrid jet-based cooling solution with MDMTSs [172],[173], [174]

San et al [175] have studied the effects of jet height and jet-to-jet spacing on the thermal performance
of an impinging jet array. The results showed that at a small jet-to-jet spacing to jet diameter ratio and
jet height to jet diameter ratio, a maximum Nu, due to a strong flow impact on the impingement plate,
was observed between the middle jet and every neighbouring jet. With an increase of the jet-to-jet
spacing to jet diameter ratio and jet height to jet diameter ratio, the jet interaction decreased. The result
also showed that the maximum Nu variation in the region under the jet array almost linearly increased
with the jet-to-jet spacing to jet diameter ratio. Huang et al. [176] have investigated the heat transfer on
a microfluidic channel with impinging jets and dimples. The result showed that convex dimples have
the best cooling performance, followed by those without dimples, with mixed dimples, and with

concave dimples. The pressure drop decreased with the application of convex dimples.
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2.5.  Numerical simulations of microchips and micro-jet channels

Due to the mismatch of the size of the detailed microchip and the cooling channel, the difference in
fluid domains and solid domain for the microchip and the cooling channel, the methods for the

numerical simulations might not be the same.

2.5.1. Numerical simulation of thermal management of microchips

Thermal performance of the electronic devices is widely studied via the numerical simulation. The
analysis can be used to predict the thermal performance of new material, to analysis the thermal
resistances in different layer etc. There is a lot of software used for numerical simulation such as
ANSYS, COMSOL, GRADIENT, VHDL - AMS, FLOTHERM, Spectre, CircuitFire, HeatWave,

Sentaurus device, and HSPICE.

Li et al. [177] have investigated the thermal, electrical, electromagnetic and mechanical performance
of 140 mm > 190mm > 38 mm dimension single-switch high voltage insulated-gate bipolar transistor
(IGBT) with commercial software in Ansys, as is shown in Figure 2. 20 To obtain better thermal and/or
mechanical performance, the structure and assembly have been optimized. With 3D modelling and

simulation, the parasitic inductance showed a 30 % decrease.

Figure 2. 20 Temperature distribution Of the device [177]

Vipradas et al. [178] have studied the high power LED package with numerical simulation in steady-
state thermal simulation with Ansys. A 3D structure LED system, consisting of LED chip, sub-mount,
heat slug and silicone enclosure has been used for the numerical simulation to decrease the junction

temperature The size of the die, the thickness of the sub-mount, the thickness of the die attach and the
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thermal conductivity of the die attach. However, as is shown in Figure 2. 21, the temperature drastically

decreased with the increase in the thermal conductivity of die-attach material.

Effect of K of Adhesive material on Tj
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Figure 2. 21 Effect of the die and sub-mount adhesive material on-die junction temperature [178]

Chvda et al [179] have investigated the INAIN/GaN high-electron-mobility transistor (HEMT) with 3-
D Technology Computer-Aided Design (TCAD) for the thermal performance and with experiment for
validation. Wong et al [180] have investigated the performance of Ga20Os metal-oxide-semiconductor
field-effect transistors via measurement and thermal modelling The results showed a good agreement

of the experiment with simulation with the ambient temperature varying from 25 T to 175 <

Kudsieh et al. [181] and [182] studied the thermal performance of the high-power solid-state lighting.
In their study, GaN/AlGaN high power LEDs was investigated. Different kind of The LED array and
different kind of the heat sink design The Chip-on-Plate packing technique was used as is shown in
Figure 2. 22 3D modellings and simulation in Ansys were used for analysing the thermal performance
of the LED chips. The results showed that conventional packages with circularly symmetric having
non-uniform devices’ distribution per unit area will have temperature differences ~7 <C among the
chip-elements. The temperature difference was found to be < 1 <C for the uniform rectangular array
module distribution, which ensured uniform output intensity for all devices. Vairavan et al. [183] have
investigated the heat-dissipating of a single chip high power LED package with 3D numerical
simulation on Ansys software. The result showed the maximum junction temperature of the LED chip

was 121.71 <C. Tang et al. [184] have investigated the thermal performance of the high-power planar
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Schottky diode-based multiplier microchips. A 3D numerical simulation with the steady-state and
transient state in Ansys software was used to optimize the thermal characteristic of the microchip. The
results simulation suggested that bonding agents with high thermal conductivity are required for fully
exploiting the heat spreader. The results also suggested the GaN-on-SiC microchip has better thermal
performance than the GaAs based counterpart. Cheng [185]investigated the thermal management of
high-power white LED package. The numerical simulation was done in Ansys software. The package

structure has been optimized based on thermal performance.

Figure 2. 22 3D meshed models of different LED assemblies. (i) Module/assembly (A), (ii)module/assembly (B), and (iii)

module/assembly (C) [182]

Chvda et al. [186] have investigated the thermal analysis of multi-finger power HEMTSs as is shown in
Figure 2. 23 The simulation was developed for Synopsys TCAD Sentaurus environment using mixed-
mode setup. The multi-finger HEMT structure metallization layout design had been analysis for its
thermal performance. Rousseau et al. [187] have studied the efficient physical-thermal model for
thermal effects in AIGaN/GaN high electron mobility transistors. The simulation was based on the 2D
physical-thermal model. The results showed that to prevent the die from degrading, the maximum
dissipated power must be no larger than 7 W/mm, 13 W/mm, and 38 W/mm for silicon, silicon carbide,
and diamond substrates, respectively. Lu et al. [188] have investigated the high power RF/microwave
circuits with simulation based on the finite element method. The results, as is shown in Figure 2. 24,
suggested that it cost less than 20 ms for microchips to reach the steady-state. Pfost et al. [189] studied
the thermal performance of the power double-diffusion metal-oxide—semiconductor (DMQOS)

transistors via the 3D numerical simulator. They have studied the behaviour of the temperature-
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dependent DMOS transistor for high temperature the experiment has been experimentally verified with

device temperatures exceeding 500 <C.
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Figure 2. 23 Schematic diagrams of a mixed-mode approach for electro-thermal simulation [186]
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Figure 2. 24 Transient temperature response of the bonding wire array under different heat sources
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CREF-CGHID Z00 Rasslte caion

Figure 2. 25 Gate dimensions used in the simulation that mimics CREE-CGH-60120D (b) Conduction simulation result
using 3-D COMSOL Multiphysics [190]
Won et al. [190] have studied the thermal performance of GaN high-electron-mobility transistor as is
shown in Figure 2. 25 A 3D numerical simulation with the steady-state thermal model was applied on
the commercial software COMSOL for the thermal performance of the test rig to determine the long-
term heat flux feasibility. The thermal resistances with GaN layer, transition layer, device layer (SiC or
diamond layer), thermal interface material layers, heat spreader layer and the heat sink as is shown in

Figure 2. 26 have been analysed for temperature fields in the given layers.
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Figure 2. 26 Multiple layers from junction to heat transfer fluid in simulations [190]

Maize et al. [191] have investigated the steady-state and transient self-heating of the GaN high electron
mobility power transistors with simulation and experiment. The simulation was set for the devices using
the ISE Sentaurus Device with 3D geometry model. Lin et al. [192] have investigated the method for

local thermal management using hexagonal boron nitride (h-BN) as a heat spreader and thick
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counterpart as a heat sink for high electron mobility transistor (HEMT). A 2D numerical simulation has
been used for its thermal performance. The results showed a temperature decrease of about 32 <C at the
hotspot with the use of h-BN nano-sheet. Aaen et al.[193] have investigated the thermal performance
of high-power RF and to laterally diffused metal-oxide-semiconductor (LDMOS) transistor microwave
transistors in the commercial software Ansys. Li et al. [194] have investigated the High power Insulated
Gate Bipolar Transistor (IGBT) modules. The standard 3.3 kV/1500 A single switch IGBT module with
190 mm %140 mm footprint has been re-designed using latest metaphysics simulation packages with
software Ansys for better performance. Ziabari et al. [195] have investigated the packaged integrated
circuits and power devices with fast static and transient thermal analysis method. The software Ansys
has been used for the numerical simulation to do a comparison with the numerical method of power
blurring. Wang et al. [196] have studied the impact of diamond heat spreading layers on the performance
of AlGaN/GaN high-electron-mobility-transistors (HEMTSs). Numerical simulation with FEM was used
to analyse the thermal performance of the microchips. The simulation results showed that the heat
spreader shows a great influence on thermal performance. Prejs et al. [197] have investigated the
thermal performance of GaN HEMT Amplifiers. The FEM has been used to simulate the thermal
performance of the die with Ansys and do a validated with the IR camera measurement. The transient
thermal resistance was calculated for a range of transistor structures and sizes as a function of power
density, pulse length and duty factor and compared with measured channel temperatures and RF
parameters. Baczkowski et al. [198] have investigated the thermal characterization of AlGaN/gallium
nitride on silicon carbide high electron-mobility transistors in RF operating conditions. They have
developed the thermal model and suitable temperature measurement to analyse the thermal performance
of the channel in the operating condition. The temperature on the microchip was measured by the
thermoreflectance microscopy and micro-Raman spectroscopy have been performed. A 3D numerical
simulation with commercial software Ansys has been used to validate and analysis the temperature at
the hot spot. Wu et al. [199] have analysed the thermal resistance for power device packaging by
numerical method. With numerical simulation in ANSYS software under two different boundary

conditions, the thermal resistance for power device in TO3P package was obtained. The results showed
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that the thermal resistance has positive correlation with heating power and more sensitive to the change

of thermal conductivity of the die attach than that of epoxy mould compound.

2.5.2. Numerical simulation of the micro-jet

Robinson et al. [173], [174]have investigated the heat sink with a micro-jet array which was fabricated
via high volume additive manufacturing. The design was used for the cooling of microelectronics with
high heat flux applied on. Numerical simulation with Ansys Fluent has been used to analyse the
performance of the microfluidic channel. The results showed that an overall heat transfer coefficient of
~300 kW/m=K with a pressure drop of 160 kPa can be achieved for a flow rate of 0.5 L/min. Han et al.
[200] developed the micro-jet based Si micro-cooler for the microelectronic cooling, as is shown in
Figure 2. 27 Numerical simulations with software COMSOL has been used to analyse the influence of
nozzle length and nozzle shape on the thermal performance and pressure drop of the micro cooler. The
results showed that with a flow rate of 300 mL/min, the Microfluidic channel could maintain the chip

temperature of 50.7 <C with the heat flux of 260 W/m=bn the chip.

Jorg et al [168] have studied the thermal management of a typical MOSFET transistor with direct single
impingement jet, as is illustrated in Figure 2. 28 The single micro-jet was used for cooling the bottom
surface of the MOSFET semiconductor package. Two different die-attach configurations have been
used to investigate the die attach effect on the die temperature. The results showed that with a flow rate
of 30 mL/min the die temperature was close to 163 <C with the power of 51 W and an inlet temperature
0f 22.5 °C. The results also showed that the die attach material with a thickness of 200 um is the largest
thermal resistance in the whole package. Naphon et al. [201]have numerically investigated the liquid
jet impingement thermal performance with different outlet port position. As is illustrated in Figure 2.

29, the outlet port positions greatly influenced temperature distribution in the channel.
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Figure 2. 27 Left picture shows the DirectFET Power MOSFET package mounted on a PCB. The right panel displays a

schematic cross-section of the DirectFET package equipped with a standard plate cooler and TIM [168]
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Figure 2. 28 Variation of temperature contour at different cross-sections for model A and model B [201]

Gorodetsky et al. [202] have investigated the micro-jet impingement combined with the micro gap. The
parameters of jet array location, the pitch, micro jet slot hydraulic diameter and initial flow distribution
has been analysed. The numerical and experimental results suggested that the jet increase the heat
transfer of 60 % as compared to a plain gap with great improvement of the temperature uniformity. Han
et al. [203] have investigated the microfluidic heat sink with micro jet slots for the high power data
centre. The result showed that the microfluidic channel can have a high cooling capacity with low
pumping energy. The results showed that with a flow rate of 0.5 L/min can have a thermal resistance of
0.13 T ¢m=AN with a pressure drop of 0.8 kPa. Parida et al. [204] have investigated the performance
of the impingement based thermal management of automotive power converters. Both ANSYS-CFX
and ANSYS-Fluent were used to study the flow and heat transfer performance in the designed micro-
jet channel. Similar results could be obtained with both commercial software. For the flow model, the
k-& model, as well as the k-w SST model, has been analysed and validated with the experiment, as is
shown in Table 2. 10. The heat transfer coefficient as is shown in Figure 2. 30 A maximum of 24043
W/(m=K) heat transfer coefficient can be obtained.
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Figure 2. 29 Temperature prediction by k-¢ and SST models and its comparison with the experimental data [204]
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Figure 2. 30 heat transfer coefficient at the bottom surface of the DBA [204]

Gould et al [205] have investigated the thermal management of the 600-V/50-A Silicon Carbide power
conversion module with liquid jet impingement. The water and the ethylene glycol coolant have been
used for the coolant. The micro-jet channel has been optimized with numerical simulation via Ansys
Fluent. Shin et al. [206] have experimentally and numerically investigated the thermal performance of
the micro-jet impingement via HFE-700 cooling fluid as is shown in Figure 2. 31. The Reynolds number
varied from 162 to 4057. The nominal heat flux was between 10 W/cm=and 80 W/cm=Penumadu et
al. [207] have investigated the thermal performance and pressure drop of the multiple jet impingement
in low Reynolds number regime. The results showed that the large-eddy simulations had a better
understanding of the flow physic in multiple jet impingement array. The simulation results also

suggested that the contraction effect at the nozzle entrance and viscous losses are the major factors for
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the pressure drop. The results also suggested that the thermal performance was sensitive to minor

changes in Z/D. However, it is insensitive to the jet diameter.
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Figure 2. 31 Blow-up schematics showing the three layers of the microdevice [205]

Barrau et al [208] have investigated the thermal performance of the jet impingement with Ansys Fluent
for high heat flux thermal management of electronic and high power devices. The numerical model has
been developed based on the k-@ SST turbulent model. The results showed the k-@ SST model was
effective for predicting the thermal performance of the jet channel. The results also showed that
compared to the increase of heat transfer coefficient, the pressure drop increased faster with the
Reynolds number. Han et al. [209] have investigated the thermal performance of the micro-jet fluidic
channel for microelectronic devices, as is illustrated in. The results showed that the average heat transfer
coefficient of 18.9 x 10* W/m?-K can be obtained with the pumping power of 0.17 W. The power

density of 3.9 W/mm applied on the die can be dissipated with the maximum temperature no larger than

200 <.
Table 2. 10 Parameters for the numerical simulation of the micro-jet channel
Arrange . . Flow .
shape Software  Dimensions Correlation Ref.
type model
round array Fluent 3D - - [174]
round  single Fluent 3D - Nu=aRe%5+b [168]
k—o +
slot single Fluent 2D near wall - [210]
effect
round  single Fluent 3D k-¢ - [201]
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slot array Fluent 3D k-g Nu=0.48Re%% [202]
round  single Fluent 3D - Nu=cRe%+d [169]
round array  CFX+Fluent 3D k"c’SJrSl.(I__w - [204]
round array Fluent 3D - - [205]
round array Fluent 3D k-g Nu=0.225Re06% [206]
round  single - 2D k-g [211]
round single Fluent 3D k—o SST [207]
round  single - 3D k-¢ [212]
round single - 2D - - [213]
round  single Fluent 3D - - [214]

. k-e+ k—o
round  single Fluent 2D SST - [215]
round  single Fluent 3D k—o SST [208]

NU=0.25 Re%77(1/p)°2

slot single Fluent 3D NU=1.05 Re®5(11/11)°2 [216]
round array Fluent 3D k-g [217]
round array COMSOL 3D - - [218]
round array COMSOL 3D - - [219]
round array COMSOL 3D - - [220]
round array COMSOL 3D - - [200]

slot array COMSOL 3D - - [203]
round array COMSOL 3D - - [209]
round  single COMSOL 2D - - [221]
round array CFX 3D - - [222]

2.6. Summary

From this literature review, the following conclusions can be obtained:

e Thermal packages of the GaN transistors with high heat flux is still one bottleneck for the
application of the transistors as the temperature can easily exceed over 200 <C. This PhD project
has considered many factors for improving the thermal management of the device. Those
technologies include the microfluidic channel for the far end cooling of the devices, the novel
nanofluids used for the wide working temperature (from -50 <T~room temperature), the thermal

interface material etc.
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e The heat transfer fluid is one of the important parts in the cooling channel as the heat is eventually
dissipated into it. This can be further divided into tradition heat transfer fluids such as water, glycols
etc. and novel heat transfers fluid such as BN nanofluids, reduced graphene oxide (rGO) nanofluids
etc.

e The microfluidic channel is an important part as it affects the heat transfer coefficient of the cooling
channel. There are many types of the microfluidic channel can be used such as the micro-jet
channel, micro-channel, metal-foam based channel etc.

e Good thermal management of the GaN electronics needs to consider all those factors of the given
technologies and balance the importance of different technologies to obtain optimised performance

for the GaN devices.
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3. Numerical simulation

Numerical simulation was used as a major tool to understand the thermal behaviour of the device and
the micro-jet impingement channel. It can provide some key parameters such as the maximum
temperature in the fingers, the temperature distribution in the die, and the heat transfer coefficient of
the working fluids, which are difficult to obtain directly through experimental measurements.

Simulation, once validated, can also be used to predict and optimise the device and the channel.

In this work, modelling was done on the micro-jet impingement channel and the GaN transistors
separately and their combination. Figure 3. 1 shows schematically the modelling domains, which can
be divided into two parts: the solid domain and the fluid domain. The transistor sits on a SiC layer in
the solid domain. Epoxy and/or sintered silver were used as die-attach material to combine the
transistors with the diamond heat spreader. The fluid domain consists of mainly the micro-jet chamber.

It also includes the inlet, two outlets and the jetting orifices.

The thickness of the die-attach was 25 pam and the diamond 250 pm. The dimension of the die and
micro-jetting microfluidic channel was determined by the products fabricated and/or purchased. It
should be mentioned that experiments with all different kind of HTFs were done in room temperature.
However, in numerical simulation with HTF of EG+DW based fluids, the inlet temperature can be as

low as -45 C.
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~ SiC

Jetting [ Fluid
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Diamond
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~ attach
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Figure 3. 1 Half image illustrating the modelling domain consisting of impingement jet channel and microchip
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This chapter explains the models and how the modelling was done. The structure of this chapter is as

follows:

e Section 3.1 describes the simulation of the fluid domain;
e Section 3.2 describes the simulation of the solid domain;

e Section 3.3describles the combination of the fluid domain with the solid domain.

3.1. Simulation of the fluid domain

Numerical modelling has been used to study the cooling performance of the micro-jet impingement on
microchips for decades. Such a method can be used to predict the heat transfer coefficient, temperature
and pressure distributions in the micro-jet channel. Meanwhile, the numerical simulation can also be
used to guide the design and optimisation of micro-jet impingement channels before the 3D printing of

the required micro-jet channel.

The main difficulty in the numerical simulation for the micro-jet was the sharp gradient of velocity and
resulted in complex flow due to the jetting. In this study, a CFD software, Ansys Fluent, was used to
solve micro-jet flow and heat transfer in the microelectronics and the cooling channel. The geometry of
the whole computational domain was drawn in Design Modeller with adjustable sizes for geometry

optimization.

Figure 3. 2 Meshing of the fluid domain
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Figure 3. 3 Size of the micro-jet orifices

The meshing of the micro-jet impingement channel in the fluid domain as shown in Figure 3. 2. To
increase the simulation efficiency and decrease the time consumption of the simulation, the so-called
sweep method was used as the priory mesh method. Boundary layer theories were used for the

impingement to capture the physical structure of the flow at the stagnation point and adjacent area.

The selected set of meshing has been validated by comparing with experimental results using de-ionised
(DI) water, BN/DI water nanofluids, EG+DW and rGO/EG+DW nanofluids as heat transfers fluids.

The simulation results were found to agree well with experiment results.

The micro-jet impingement channel with different jet orifices used in the experiment was illustrated in
Figure 3. 3. The micro-jet orifice in an array with a diameter of 600 um was designed and printed. The
results showed that this can provide consistent thermal performance with an increased heat transfer area.
The results also showed that fabrication via 3D printing had a limitation in terms of a minimum size of

the diameter of the jet orifices, which can, in turn, affected the distribution and shape of the jet arrays.
3.1.1. Parameters of the micro-jet cooling channels

Several important dimensionless parameters were used in the analyses and processing the simulation
and experimental results, including mainly the Reynolds number, the Prandtl number and the Nusselt

number, as defined as follows:

Reynolds number The Reynolds number (Re) is defined as the ratio of inertial forces to the viscous

forces:

Re = %2 (3-1)
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where:

e pisthe fluid density;

e is fluid dynamic viscosity;
e v isthe velocity at jetting;

o D isthe jet diameter.

The state of the fluid flow, according to the different Re number, can be classified into:

e Dissipated laminar Re <300

o Fully laminar 300 < Re <1000
e Transition 1000 < Re < 3000
e Turbulence Re > 3000

Prandtl number Prandtl number (Pr) is defined as the ratio of momentum diffusivity to thermal

diffusivity:
pr=te=t (3-2)
where:

e v is the fluid momentum diffusivity;
e q isthe fluid thermal diffusivity;
e s the fluid dynamic viscosity;
e (, isthe fluid specific heat capacity;
e [ isthe fluid thermal conductivity.
Nusselt number Nusselt number (Nu) is defined as the ratio of convective to conductive heat transfer

at the boundary layer:

Nu =22 (3-3)

where:

e h is convective heat transfer coefficient;
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When analysing the thermal performance of a designed micro-jet impingement microfluidic channel,

Nu, Re number and Pr number can be correlated by:
Nu = CRe™Pr™ (3-4)

With the increase of the inlet velocity, better thermal performance with a higher heat transfer coefficient
can be achieved. However, the pressure drop in the micro-jet impingement channel increases as well.
Thus, it requires more pumping power and associated risk increase in the leakage. The trade-off between

high thermal performance and high-pressure drop need to be balanced.

When it comes to the heat transfer fluids parts, the nanofluids, compared with the base fluids, have a
higher viscosity and a higher thermal conductivity. Thus, with the same inlet velocity, the Re number
decreases. However, the Pr number might increase or decrease depending on the nanofluids’ properties.
The selection for heat transfer fluids and/or their formulation should therefore be comprehensively
considered, taking into account the thermal and viscous properties, as they have different contributions

to the overall thermal performance of the microfluidic channels.
3.1.2. Governing equation for micro-jet impingement channel

There are mainly three govern equations for modelling micro-jet cooling channels. Those are mass
conservation equation, momentum conservation equation and energy conservation equation. These
equations, coupled with appropriate constitutive relationships, together with physical, geometrical,
initial and boundary conditions, can be solved to obtain the flow and temperature fields. These data can
then be used to obtain the convective heat transfer coefficient and pressure drop for engineering design

applications.
e Mass conservation equation

Mass conversation equation can be derived through mass balance over a volume element in a flow field

and is given as:

L +7-(pD) =Sm (3-5) [223]
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For steady-state problem without any mass sources, the mass balance equation:
V-(p?) =0 (3-6)

Where p is the density of the fluid; ¢ is the time; ¥ is the velocity of the fluid and S,,, refers to the

mass source.

¢ Momentum conservation equation

Momentum conservation equation can be obtained by using Newton’s second law of motion, again over

a control volume, and is described as:
2 (D) + V- (pBP) = —Vp+ V- (D) +pg +F (3-7) [223]
At a steady-state with no source, the equation reduces to:
V-(pvv)=—-Vp+V-(T)+pg (3-8)
T is the stress tensor which can be described as ;
7= p[(A% + VBT) — 2V - 5 (3-9)
In the equation above, the second term on the right-hand side is the effect of volume dilation.

where p is the pressure; g is the gravitational acceleration; and F is the other types of force; u is the

molecular viscosity, | is the unit tensor.
e Energy conservation equation

Consider energy balance over a volume element, one can derive the energy conservation, which takes

the following form:
0 - =4 = -
2 (PE) + V- (B(E +)) = V - (ke VT = Ly hyJ + (Feps - ) + S (3-10) [223]

In this equation, the terms on the right-hand side represent energy transfer due to conduction, species

diffusion, viscous dissipation and heat source in the computation domain, respectively. In this study,
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there is no species diffusion part and the effect of viscous dissipation in the simulation has not been
considered during the simulation. The first term on the left of above energy equation disappears for
steady-state operations; whereas the last term in the right-hand side should be zero as there is no heat

source in fluid reign. Under the above conditions, the energy equation reduces to:
V- (B(E +p)) =V (kepfVT) (3-11)

In this equation, E is defined as:
E=h-2+Z (3-12)
and h, the sensible enthalpy for the incompressible flow is defined as
h=J, , CosdT +5 (3-13)

In the simulation T, is set as 298.15 K.

where k., is the effective thermal conductivity, consisting of two parts, k + k., with k being thermal
conductivity due to molecular scale diffusion and k, for accounting due to turbulence-induced thermal
conductivity defined according to the turbulence model being used; T is the temperature; S, is the

energy source.

e Turbulence model - The shear-stress transport (SST) k- model

For the flow with EG+DW based fluids, due to the high viscosity of the fluids, the experiment and
simulation were in the laminar flow based on the Re number. However, the water-based fluids showed
the transitional and/or turbulent flow with the same velocity. Thus, the turbulence model was used to

simulate the given condition.

In the simulation, the SST k- model of Menter [224] was used as the turbulence flow model to simulate
the flow in the micro-jet channel. The SST k-o is suitable for the flows such as the micro-jet with a

strong curvature. The advantages of the SST k- model are low computational time, moderate ability
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to predict the secondary peak. Due to those advantages, this type of turbulent model has been used in

many pieces of research with numerical simulation [204], [208], [216].

According to the shear-stress transport model, the transport equations for the SST k- model are

displayed as:
2 (pk) + 7 - (kD) = V- (I Vk) + G — Vi + Si (3-14) [224]
2 (pw) + V- (pw?) = V- (I,,Vw) + G,y — ¥, + D, + 5, (3-15) [224]

In these equations, G, represents the generation of turbulence kinetic energy due to mean velocity
gradients. G, represents the generation of w, I}, and I, represent the effective diffusivity of k and o,
respectively. Y, and Y,, represent the dissipation of k and ® due to turbulence. D,, represents the cross-
diffusion term, calculated as described below. S, and S, are user-defined source terms. The detail of

the model is attached in appendix A.

3.2. Simulation of solid domain

The modelling of the device includes the die with transistors, the die-attach material and the heat
spreader layer. Since all those parts were made of solids materials, the governing equations differ from

(and simpler than) the fluids part.
3.2.1. Govern equation of the die model
The energy conversation equation is the main govern equation;
Ein — Eout + Egeneration = Estorea (3-16)

Where E;;, — E,y¢ represent the energy flow crossing the surfaces of the controlled system. Egeneration
is defined as the energy generation rate. It represents the thermal energy conversion rate within the
volume of the controlled system form any other type of energy such as chemical, electrical,
electromagnetic, nuclear, etc. E;,req iS defined as the thermal energy stored in the whole volume. The

value can increase or decrease due to the transient process.
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This equation can be written as:

a oT a oT a aT aT
x kx(T) x + 5 ky (T) E + 9z kz(T) 9z + Egeneration = pCp ot (3'17)

In the steady-state thermal software, the thermal conductivity can be anisotropic and dependent on the

temperature. Thus, the thermal conductivity of the material is expressed as k. (T), k., (T) and k,(T).

There are three types of boundary condition for the numerical simulation. Those boundary conditions

can be combined to obtain the thermal performance in the device.

(1) Constant surface temperature
The boundary condition can be defined as the fixing temperature.

Twan =T (3-18)

(2)  Constant surface heat flux
The power applied in the transistors can be regarded as the heat flux condition. The area represents the

fingers can be defined as the heat flux.
—kVT = —q (3-19)

(3)  Convection surface condition

q=hee(T=Ty) (3-20)

Where hy is the heat transfer coefficient at the boundary surface. T, is the temperature form the far end
of fluid. In the simulation, the value of the heat transfer coefficientand T ,, for the given surface can be

assigned with data required.
3.2.2. Simplified and detail device model for the simulation

The GaN-on-SiC and/or GaN-on-Diamond transistors combined with heat spreader via die attach/epoxy
is shown in Figure 3. 4. The gate, drain and source part is mounted on the GaN layer. The GaN layer
grows on the SiC or diamond to spread the high heat flux. The die-attach and heat spreader is used for

the combination of the die with the microfluidic channels.
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Figure 3. 4 Detailed structure of microchips

In many pieces of research, a quarter and/or half of the die model was used in the simulations due to
the symmetric condition in the experiment and/or simulation. However, as the die might not be in the
symmetric condition ( such as the location of the die, the heat transfer coefficient etc. might not be
symmetric in the real application situation ) with the microfluidic channels as its cooling part, the whole
model was also simulated in that case. Two types of die model, simplified die model and detailed die
model were made for the die model. All those models were simulated in Ansys workbench with The

Steady-state thermal software.

o Simplified die model

As is illustrated in Figure 3. 5, the detailed stricture of transistors is not given in the simplified die
model. Only the subtract layer such as the SiC layer and/or diamond layer with several hundred
micrometres was constructed in the simulation model. Uniform heat flux within a confined area was
the assumption of the heat flux distribution in the simplified model. There are serval advantages for this
model. Firstly, it is easy to generate the geometry in the software for the simulation; secondly, it is also
easy to generate the suitable mesh for the whole die because of the model with a size comparable to the
micro-jet impingement channel; thirdly, the model can be directly combined with the microfluidic
channel or simulated separately for the numerical simulation with short time consumption. However,

there is one big disadvantage to this model. It cannot be used to simulate the temperature in the transistor
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layer, as this layer is not given in the model. Thus, the maximum temperature in the die cannot be

accurately obtained in the simplified model.

Heat flux area SiC/Diamond layer

Heat spreader layer

5 mm

0.3 mm

Figure 3. 5 Structure of the die in the simplified model

There are serval reasons for the application of this kind of model. Firstly, the study for the micro-jet
mainly focused on the heat transfer in the impingement surface (the bottom surface of the diamond heat
spreader); secondly, the heat flux at the bottom surface of the diamond heat spreader was widely spread
due to the two heat spreaders in the devices; thirdly, it seemed to be difficult to use IR camera to measure
the temperature on the top surface of the GaN layer, as the appearance of the GaN is transparent. fourthly,
the IR camera used in the test rig had a resolution no smaller than 42 pum. It was difficult to directly
obtain an accurate temperature in the finger area; lastly, the efficient of simulation increased without

the mesh for the small structure in the GaN layer.

Due to the physical properties, half symmetry was used for computational efficiency. The heat flux area
used in the simulation was 0.125 x 2.447 mm. the mesh size for heat flux was 6 um. The input value of

heat flux is defined as:

q =24t (3-21)
Anf

Where Qg;; is the heat dissipated by HTF and Ay is the area of heat flux.
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The unstructured grid was applied on the SiC. The structured grid was used got epoxy/die attach layer
and diamond layer to increase the computational efficiency. The adiabatic condition was automatically

applied on the entire surface undefined.

Figure 3. 6 Detailed die model with its mesh in Ansys

e Die layer with detail structure

As is illustrated in Figure 3. 6, the structures such as the gates, sources, drains, AIN nuclear layer etc.
were given in the detailed die model. For the mesh generated, there were 975268 nodes and 1146256
elements. Although compared to the simplified model, there are many disadvantages such as the long
computational time; the complex structure for the model etc., the most important advantage for this
model is that it can obtain the temperature distribution in the fingers. In some tests, such as the test-rig
with the micro Raman thermography which has a high resolution (several hundred nanometres), the

results can be used to validate this type of experiment.

e Epoxy/die attach layer

To assemble the microchip with the micro-jet channel, the die was mounted on the heat spreader layer
with epoxy or die-attach. To decrease the thermal resistance in this layer, high thermal conductivity

material was used.

e Heat spreader layer
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The diamond layer was used for two purposes. (1) Due to the high thermal conductivity of diamond,
this layer acted as a heat spreader. (2) The size of the diamond layer matched with the micro-jet channel

for the thermal packaging.

3.3. Combination of fluid domain with solid domain

The design of the finger arrangement, the contact thermal resistance between the SiC/Diamond layer,
the thickness of the GaN and SiC/diamond layer, the selection of the die attach material, the size of the
microchip etc. suggest the simulation with detailed die model need to be flexible for the optimisation
of parameters. In this project, different dies are involved (such as TriQuint TGF2022-06 and Cree Inc
CGHV60040D). Some of those dies can be purchased from the market, while others are in the
developing stage. It is time-consuming and waste of resources to directly combine the micro-jet channel

with all those purposed dies especially for the detailed die model.

The simplified die combined with the jetting channel can be used for the validation the thermal
performance of the micro-jet channel and the diamond heat spreader with IR camera. However, when
it comes to the maximum temperature on the transistors, this type of model can not be used as it evens
the heat flux and does not consider the thermal resistance between the GaN layer and SiC/diamond
layer. Those can strongly underestimate the maximum temperature in the GaN transistor. To measure
the maximum temperature in the die, the Raman thermography was used with the resolution of about
0.5 pum. This means the mesh used for the die model should be on the same scale to capture the
temperature in the simulation. Thus, the detailed die model needs to be combined with the micro-jet

channel.
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Figure 3. 7 Flow chart of simulation models combination

A solution for the combination of the micro-jet cooling channel and the detailed die model was purposed.
The flow chart for the method is illustrated in Figure 3. 7. The micro-jet model and detailed die model

all share with the same heat spreader layer with a size of 10 10 x0.25 mm.

Firstly, the micro-jet model and detailed die model were built. Then, the micro-jet model was simulated
with Ansys Fluent with htc data extracted after finishing the simulation. Then, the htc data was
transferred to the detailed die and it is mapped to the bottom surface of the heat spreader. Then, this
simulation was solved in the Ansys steady-state thermal. The solved results were compared with the
experiment results for the validation. If the results agreed well with the simulation, the simulation can
be used to predict the performance of the die. If it did not agree with the simulation results, it went back

to the model parts for the change.
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3.4. Summary

This chapter explains the mathematical models used for the numerical simulation of both the micro-jet
impingement channels (the fluid part) and the device (the solid part). Governing equations are given for
both parts, together with constitutional relationships, and geometrical, physical, initial and boundary

conditions. The meshing of the domains is described.

e For the fluid domain, The Ansys Fluent was used to solve these equations to obtain the pressure
distribution, temperature distribution and the distribution of heat transfer coefficient in the fluid
domain.

o For the solid domain, The Ansys thermal-steady state was used to simulate the performance of
the microchip for validation and prediction. The detailed and simplified die model has been
generated and used for solving the temperature distribution in the device part.

¢ Anindirect combination of the solid part with fluid part has been purposed and used to increase

the simulation efficiency and the flexibility of the model.

61



CHAPTER 4 EXPERIMENTAL APPARATUSES AND UNCERTAINTY

4.  Experimental apparatuses and uncertainty

This chapter introduces and explains experimental set-up, the thermal packages for the microchips, the
uncertainty analysis and the pieces of equipment used in the experiment. It is structured in the following

manner:

e Section 4.1 discusses the experimental test rigs for thermal management (TM) of GaN-based
microchips;

e Section 4.2 discusses the combination of the microchip with the microfluidic channels

e Section 4.3 discusses the uncertainty of the experiments

e Section 4.4 discusses the equipment used in experiments

4.1. Experimental apparatuses for thermal management of microchip

The experimental testing rigs for the TM of microchips depend on several factors including microfluidic
channels (e.g. micro-jet impingement channels and copper foam-based microfluidic channels etc.);
fabrication methods of microfluidic channels (e.g. 3D printed, traditional cutting methods etc.);
temperature measurement methods (e.g. thermal couples, infrared camera, and micro-Raman
thermography etc.); measured parameters (e.g. pressure, temperature, flow rate etc.). These require

different arrangements and combination of the equipment.
4.1.1. Test-rigs for thermal management of microchip

° Temperature measurement with Infrared camera

This kind of system is shown in Figure 4. 1, which is made of a temperature measuring unit (with IR
camera and thermocouples), a heat transfer fluid (HTF) circulating unit (with flowmeter, reservoir,
chiller and pump), a heating unit (providing by microchips with adjustable power input), and a data
acquisition unit (with data logger and software installed in computer). This configuration allowed the
measurements and monitoring all major parameters needed to assess the thermal performance of the

microfluidic channels.
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Figure 4. 1 Schematic diagram of TM of the microchip with IR camera

For the temperature measuring unit, both inlet and outlet of the HTF circulating unit were inserted with
a thermocouple to record the temperature at pre-set positions. To keep the integral microchip during the
test, contactless temperature measurement with IR camera was applied to record the temperature

distribution on the die and diamond surface.

For the heat transfer fluids circulating unit, a gear pump provided the driving force for the flow of a
heat transfer fluid from and return to the reservoir. After the heat transfer fluid impinged on the diamond
heat spreader, the heat was transferred to heat transfer fluid, leading to temperature increase. Then, the
fluid flowed through the flowmeter where the flowrate was measured before it finally returned to the
reservoir integrated with a chiller to exchange the heat absorbed by the heat transfer fluid. To decrease
the heat loss in the transportation, all the 2 mm inner diameter tube used for the connection was made
of silicon with low thermal conductivity. The whole channel was fabricated by 3D printing method with

photopolymer, which also acted as an insulation layer preventing heat loss.
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For the heating unit, adjustable power output was applied to the microchips, which was provided by a
DC power supplier. The die was mounted on a thin (250 um thickness) diamond heat spreader by a

highly thermally conductive material such as epoxy and/or silver-sintered die-attach.

For the data acquisition unit, an Agilent 34970A unit interfaced to the thermocouples was used for
temperature data logging; an IRBIS 3 plus software was used to record and process the temperature
data from the surface of the diamond heat spreader measured by the IR camera. The measurement data

have enabled the validation of the simulation results with the simplified device model.

° Temperature measurement with Micro-Raman thermography

To obtain an accurate set of temperature data from the GaN electronics, Micro-Raman thermography
was used to measure the temperature in the finger with a spot size of 0.5 um as is shown in Figure 4. 2.
The whole test rig is similar to the IR thermography. In this measurement, the pump, the data logger,
the micro jetting channel, and the flow meter were all the same as for the IR thermography
measurements (Section 4.1.1). The main difference was that the Micro-Raman thermography replaced
the IR camera due to its much higher spatial resolution. This set-up can measure the peak temperature
on the top of the GaN layer. The measurement was used to validate the simulation with a detailed device
model. It should be pointed out that thermocouples were also attached on the surface of the diamond

heat spreader to measure its surface temperature for cross-validation.

For the Raman thermography measurement, the transistor CGHV60040D was used, which was
purchased from Cree Inc (USA). The dimension of the measured GaN-on-SiC device is illustrated in
Figure 4. 3. The device consisted of 1.5 um thickness GaN layer, 100 um thickness SiC substrate and a
thin AIN layer to accommodate the lattice mismatch during the GaN-on-SiC growth. The transistor was
attached to the 250 um diamond heat spreader with 25 pum silver sintered die-attach material with high
thermal conductivity of 140 W/(m K). The AlGaN/GaN HFET devices with 20x250 pum fingers were
investigated. The total die size was around 820x1800 um. The GaN-on-SiC device was not in the centre

of the diamond heat spreader due to a spare die was attached on the same surface.
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Figure 4. 3 Dimension of the CGHV60040D GaN-on-SiC transistor
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Figure 4. 4 Test rig with Raman thermography and the location for the measured point in the centre of fingers

A Renishaw inVia spectrometer with 488 nm A* laser and 50>0.6 numerical aperture objective lens
was used for the Raman thermography measurements. The lateral spatial resolution for the measurement
was 0.5 um. To obtain the highest temperature accuracy, the temperatures in the GaN layer were
detected using Ai(LO) phonon peak shift due to its relative insensitiveness to the stress. It should be
pointed out that the measured temperature in the GaN layer was a volumetric average value through the
1.5 um GaN layer. As depicted in Figure 4. 17, the device was mounted on the micro jetting channel
that was combined with a vacuum chuck. The device and chuck position was controlled by a motorized
XYZ translation stage with a resolution of 0.1 um step size. For the micro jetting channel, a micropump
was used to supply a flow rate of 0.1 L/min. The heat transfer fluid during the measurement was distilled

water. A chiller was used to maintain the water in the reservoir at 20 <C.

° Temperature measurement with copper-foam based microfluidic channels

Figure 4. 5 shows a schematic diagram of the testing rig for TM of the microchip with copper-foam
based microfluidic channels. The test rig consisted of a temperature measuring unit (with 3
thermocouples at the inlet, outlet and the bottom surface of the diamond heat spreader ), a heat transfer
fluid circulating unit, a heating unit, and a data acquisition unit, for investigating and characterising the

thermal performance of copper-foam based microfluidic channels.
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Figure 4. 5 Schematic diagram of TM of the microchip with copper-foam based microfluidic channel

For the temperature measuring unit, there were thermocouples at both inlet and outlet of the HTF
circulating unit. In order to collect the temperature data on the bottom surface of the cooper-foam based

microfluidic channel, a thermocouple was attached in the centre of the surface.

The heat transfer fluid circulating unit and the heating unit were similar to the testing rig for micro-jet

impingement channels.

4.1.2. Pressure drop measurements for microfluidic channels

To prevent the possibility of damaging the microchip during pressure measurements, a testing rig for
pressure drop measurement was built with no microchip on the lid, as shown in Figure 4. 6. The whole
test rig consisted of 3 main units: a pressure drop measuring unit (with pressure transducer), a heat
transfer fluid circulating unit (with flowmeter, reservoir, chiller and pump), and a data acquisition unit.

The test rig was employed to investigate and characterise the performance of the microfluidic channel.

For the pressure drop measuring unit, an open hole (0.15 mm diameter) was drilled at both inlet and

outlet of the channel. Those open holes were connected with a differential pressure manometer for the
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pressure drop measurement. In this study, all the other pressure drop losses were neglected and assumed

little influence on the pressure drop measurements.
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Figure 4. 6 Schematic of the experimental apparatus for jet arrays used for pressure drop

4.2. Integration of microchip with microfluidic channels

Two types of the microfluidic channels were successfully packaged with the microchips: the packaging
of the microchip with the micro-jet channel; and the packaging of the microchip with copper-foam

based channel.

4.2.1. Thermal package - micro-jet channel

The integration of the microchip with the micro-jet channel was the most important part of the whole
project. Firstly, the application of the micro-jet channel depended on the successful combination of the
microfluidic channel with the microchip. Secondly, the method for the combination affected the thermal
performance of the die. For example, using different die-attach materials such as the epoxy, solder,
silver sintered etc. had different thermal resistances in the die-attach layer. Thirdly, the performance of

the micro-jet channel and die was measured experimentally via the integration system. Finally, yet
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importantly, the combined system was used as the original geometry of the numerical simulation before

the validation step.
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Figure 4. 7 Flow chart of test rig fabrication

The flow chart of the test rig fabrication, as is shown in Figure 4. 7, illustrates the main processes for
the combination of the die with the microfluidic channel. Firstly, the die was combined with the gold-
coated die with the die-attach material meanwhile the 3D printed lid was fabricated and with PCB
inserted and cable soldered. Then, the device was combined with the lid as the top part of the micro-jet
impingement channel. After the wire bonding for the microchips with the PCBs, the final step for the
combination of the lid and the 3D printed micro-jet channel need to be properly processed to prevent
the leaking. It can be used as a guild line of the liquid cooling for the microchips. The 3D printing
technology was used to design the microfluidic channel and the lid, due to its advantages such as easy
fabricating and the integration of the product. The package of the die with low thermal resistance was

achieved to increase the thermal performance of the die.

. The combination of the diamond heat spreader and die

Some of the designs [190] had more than one layer before it combined with the cooling channel. In this
study, to decrease the thermal resistance, the heat spreader made of diamond, copper or other material

with high thermal conductivity was directly cooling with the micro-jet channel.
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Figure 4. 8 Combination of the diamond heat spreader with GaN

As is illustrated in Figure 4. 8, the top surface of the diamond heat spreader and the bottom surface of
the die were coated with Au. The main material used for the combination of the die with the diamond
heat spreader was the die-attach material. In this project, as the die need to dissipate the heat flux of 5
W/mm in the fingers, the silver sintered paste was chosen as interface thermal material. The sintering
process is shown in Figure 4. 9. The combined material of the silver paste and the device was put into
the chamber with a temperature increase from 30 <C to 160 <C in the first 60 min. Then the temperature
was stable at 160 <C for 45 min before the 40 <C increase in the following 15 min. After the temperature
reached 200 <C, the temperature was not changed for the next 60 min and then decreased to 30 T in

half an hour.
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Figure 4. 9 Curve for the sintering process
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. The combination of the lid with the die

The main of the micro-jet channel was made of 3D print material. To combine the channel with the lid,
the lid was also fabricated via the 3D print process as is shown in Figure 4. 10. The designed hole in
the centre was for the diamond heat spreader. The other two areas with recession were used for the PCB.
After the PCBs inserted in, the cables were soldered on the PCBs. With PCB inserted in and cabled

soldered, the die with diamond heat spreader was glue on the lid, as is shown in Figure 4. 11.

In order to apply power on the die, it should be connected to the PCBs. The wire bonding process was
for that aim. As is illustrated in Figure 4. 12, the wire-bonding machine can bond the Au wire or Ag
wire to the microchips. In this project, the gold wire with a diameter of 25 um was used in order to have
the maximum current of 0.5 A on each wire. Part of the devices with a gold wire during the bonding

was shown in Figure 4. 13.

Figure 4. 10 (Top) design of the 3D print lid and (bottom) the 3D printed lid with PCB

Figure 4. 11 Lid combined with the device
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Figure 4. 13 Die with gold wire bonding

° The combination of the micro-jet channel with the lid

The 3D print channel is shown in Figure 4. 14. For the combination with the lid, both lid and
microchannel were made of the same photo-polymeric material which can stand for the temperature
around 250<C. Those two part can be glued together with the same resin for 3D print to prevent the

leakage due to the combination with the different material.
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Figure 4. 14 (Top) design of 3D print micro jet channel and (bottom) the 3D printed channel
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4.2.2. Thermal package - copper-foam based channel

Copper lid

Excavation for diamond heat

diamond heat spreader

spreader

Attaching die with epoxy

Attaching PCBs

Combination of die with lid

Wire bonding with gold wire

Figure 4. 15 Flow chart of the combination of the die with the copper lid for copper-foam based channel

The flow chart for the combination of the copper lid with the die as illustrated in Figure 4. 15. The
process first began with a lid excavating a square hole with a size of 7><7>0.25 mm. Then, the printed
circuit boards (PCBs) which were used as electrodes were glued to the lid with epoxy. The epoxy has a
low thermal conductivity around 1.4 W/(m-K). Meanwhile, the diamond heat spreader with a dimension
of 10>10>0.25 mm was attached to the die with the epoxy as the die-attach material. After this process,
the combined item was then placed on the hot plate with a temperature of 110 < with 30 min for the
curing of the epoxy. Then, the die with the diamond heat spreader was attached to the excavated hole

using the same epoxy. The same method of 30 min curing was applied. After the curing, the wire-
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bonding process with gold wire was applied to make the electrical connection for die and PCBs. The
diameter of the gold wire is 25 pm with a limitation of 0.5 A current. Five separate gold wires were
bonded to the die. So, the device cannot be applied with the current larger than 2.5 A. Finally, the lid
with die and the copper-foam based microfluidic channel was combined. The die (TriQuint TGF2022-
06) was used in the experiment for the characterisation of the copper-foam based microfluidic channel.

The die was attached on the copper lid, as is shown in Figure 4. 16.

Figure 4. 16 Copper lid with die inserted in

4.3. Equipment used in experiments

The characterisation of the materials is investigated with different techniques to obtain the different
properties of the material. This includes the thermal conductivity, the viscosity, and the stability in fluid
media. The temperature measurement equipment with IR camera and the Raman thermography and the

3D printer is also investigated.
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4.3.1. Thermal conductivity

The thermal conductivity of the base fluids and nanofluids were measured by the stationary heat-wire
method (LAMBDA-system PSL Systemtechnik GmbH, German). The Fourier law of the heat

conduction is the fundamental principle for this measurement. The theory for the system is attached in

appendix B.
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Temperature Control
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Figure 4. 17 Schematic diagram of the heat —wire sensor, sample holder and temperature control system

As is illustrated in Figure 4. 17, the probe of the heat-wire works as the temperature sensor and heat
source. The tip of the probe has thin platinum with a diameter of 0.1 mm. The probe is submerged into
the fluid with a volume of 35 mL at a stable temperature. A temperature control system (Lab Temp
30190, PSL Systemtechnik, German) is applied to maintain the temperature of the fluids with an
accuracy of £0.1 <C. Using this technology, it can also obtain the thermal diffusivity and thermal
capacity besides the thermal conductivity in each measurement. The main advantage of the stationary
heat-wire method is eliminating the problem of convection caused by the ignition of the electric energy
input to the heat-wire sorted, as an optimized electronic device guarantees relative short measuring
times. There are many other advantages such as fast measurement, wide temperature range, and large
thermal conductivity range as is illustrated in Table 4. 1. Due to the referred merits, this technique was

used in many studies [225], [226].

74



CHAPTER 4 EXPERIMENTAL APPARATUSES AND UNCERTAINTY

Table 4. 1 Technical data of the LAMBDA-system

Technical term Data
Measuring media Fluids. gels powders
Sample quantity Approx.. 35mL
Measuring range 10-1000 mW(m K)
Repeatability 99%
Temperature range -30C-190C
Temperature accuracy +0.1<C
Measuring time Approx.60 s
Accuracy 1%

4.3.2. Viscosity

The viscosity of the base fluids and nanofluids were measured by a rotational rheometer (MCR502
Anton Paar, Austria). The parallel plate geometry is used for the high viscosity liquid and concentrated
cylinder geometry for low viscosity, as is illustrated in Figure 4. 18. The equipment can measure both
Newtonian behaviour and non-Newtonian fluids. To obtain the viscosity of the fluids, the torque of the
rotating spindle is measured and converted into the viscosity of fluids. To maintain the temperature of
fluids during the test, a chiller combined with the temperature control system containing a K type
thermocouple with an accuracy of £1.5 <C is applied. For the measuring temperature larger than 0<C,
the air cooling is used. However, for the temperature lower than 0<C, the liquid nitrogen is used to cool
down the fluid to the target temperature. The technical data of the MCR502 Anton Paar rheometer is
illustrated in Table 4. 2. According to the literature, accurate results can be obtained via this equipment

[227], [228].
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Figure 4. 18 Schematic diagrams of rheometer, chiller, and temperature monitor

Table 4. 2 Technical data of the MCR502 Anton Paar

Technical Term

Data
Maximum torque 300 mN m
Min. torque, rotation 100 nN m
Min. angular velocity 10-9 rad/s
Max. angular velocity 220 rad/s
Max. speed 2100 1/min
Min. angular frequency 10-7 rad/s
Max. angular frequency 628 rad/s
Normal force range 0.01N-70N
Normal force resolution 1 mN
Max. temperature range -160C - +1000C
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4.3.3. Particle size distribution and & potential

The particle size distribution (PDS) of the nanofluids was measured by the dynamic light scattering
(DLS) and the & potential by the electrophoretic light scattering (ELS) (Zetasizer Nano ZS Malvern, the

U.K.). The theories for the measurements are attached in the appendix E and appendix F.

To measure the hydrodynamic diameter of the solid part in the base fluid, the indirect measurement
with the DLS technique was applied. The size range of the instrument is between 0.3 nm and 10,000
nm, with an accuracy of £2%. The advantage of this technique is (1) indirect measurement without
contaminating the sample, (2) very few and recyclable liquid is used during the measurement, (3) the
backscatter in this technique reduces the multiple scattering that refers to the light from one particle is
itself scattered by other particles. The technique data is illustrated in Table 4. 3. Due to the referred

merits, this technique was used in many studies [229], [230].

The electrokinetic effect was used in the equipment to obtain the & potential of the nanofluid. It can be
used to quantify the stability of the nanofluid. Some researches suggest that with its value larger than

30 mV, the nanofluid is stable. This technique was used in many studies [231], [232].

Table 4. 3 Technical data of the nano Zetasizer Nano ZS

Type Technical term Data
Size range 0.3 nm -10,000 nm
Measurement theory Dynamic Light scattering
Minimum sample volume 1mL
Particle size distribution
Accuracy 2%
Temperature range 25C-90 <
Sensitivity 0.1 mg/mL
Size range 3.8 nm to 100,000 nm
Measurement theory Electrophoretic Light Scattering
& potential Minimum sample volume 0.15mL
Accuracy +5%
Temperature range 25C-90 <
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4.3.4. Infrared camera

To obtain the temperature on the surface of diamond surface without damaging the microchips and the
diamond heat spreader, IR camera (VarioCAM hr head 600, German) is one of the optimized choices
for the required measurement. The principles for IR radiation are Planck’s law, Stefan-Boltzmann law,
Kirchhoff's law of thermal radiation, and Wien’s displacement law. This part was attached in Appendix
C. As is shown in Figure 4. 19, the measuring surface emits infrared radiation whose intensity is a
function of temperature it possesses. The detector of the IR camera records the signature intensity that
is converted to the temperature by the IBIS 3 plus software. It is noticed that the standard lens does not
have high resolution for the temperature measurement of the microchip. A 0.5>close up lens which
costs much cheaper than microscopic was used with a resolution of 42 um as is given in Table 4. 4.
According to the literature, the IR camera was successfully used to measure the temperature of the

microchips [233], [234].
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Figure 4. 19 Schematic diagrams of the IR camera
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Table 4. 4 Technical data of VarioCAM HR head 600

Technical Term Data
Spectral range 7.5-14 pm
Temperature measuring range -40C -1200C

Temperature resolution at 30T

Measuring accuracy

<0.05<C, =0.03°C
+1.5C (0-100C)

Emissivity Adjustable from 0.1 to 1.0.
pixels 640>480
Focal length 30mm
FOV 303°<

Standard lens

Focus 50 mm
0.5>close-up lens FOV 27 mm>20 mm

Resolution 42 pm

4.3.5. Raman Thermography

The temperature in the finger of the die needs to be measured for the comparison with the simulation
results and quantifying the quality of the microfluidics channel. Therefore, it is important to have an
accurate temperature on the GaN layer. To measure the temperature in that layer, Raman thermography
was used to collect the temperature in the fingers of the devices. During the test, Renishaw inVia
spectrometer with 50>0.6 numerical aperture objective lens is one of the optimized choices for the
required measurement. The principles for Raman thermography is the Raman shift. This part is attached
in Appendix D. As is shown in Figure 4. 23, the light path shows that the laser with 488 nm wavelength
generated from DPSS hits the GaN layer and then GaN layer scatters the light. This wavelength and
intensity of the scattered light are recorded by the spectrometer and its function with the Raman shift
can be calculated. According to the peak position of the Raman shift, the temperature in the GaN layer
can be calculated. During the test, the diameter of the laser is around 500 nm. The accuracy of this
measurement can be around + 5 °C. According to the literature, the Raman thermography was

successfully used to measure the temperature of the microchips [220], [221].
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Figure 4. 20 Schematic diagrams of Raman thermography

4.3.6. 3D printer

The 3D printer (Formlab Form 2, the U.K.) was employed for the fabrication of the micro-jet
impingement channel and the lid for the combination, as is illustrated in Figure 4. 21. In order to have
high accuracy for the 3D printed microfluidic channel, the stereolithography for the 3D printing with a
laser beam was used. The basic procedure of the 3D print is more or less the same. Firstly, the design
of the micro jetting is generated via a 3D modelling software and then transferred to the 3D printer.
After that, the raisin used for the printing is chosen based on the working condition. In this study, as the
lid might be exposed to the temperature around 175 <C, a high-temperature raisin was selected while the
jetting channel uses the same raisin. Then, the selection of the resolution was priory to the final step of
the printing. The data the resolution is given in Table 4. 5. After the printing, the micro-jet channel was
cleaned and put into the curing chamber for curing with UV light. Compared to the other microfluidic
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fabrication method, the advantages of the 3D printer are the ability for any shape fabricating, cheap and
mass production. However, it should be pointed out that, due to the laser spot size in the printing is
around 140 pm, the morphology of the orifice was inevitably distorted compared to laser cutting or

other types of the channel fabrication.

Computer

Figure 4. 21 Schematic diagrams of the 3D printer with micro-jet channel printed

Table 4. 5 Technical data of Formlab form 2

Technical term data

Laser resolution 0.1 mm-0.025 mm

Laser spot size 140 pm
Laser power 250 mwW

Later thickness 25-300 um
Technology Stereolithography
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4.4. Uncertainty analysis

Uncertainty analysis is important for the analysing and obtaining other parameters form the test rig. In
many measurements for the TM of the microchip, the measured temperature does not show much

difference. Thus, the error bar was required to show the accuracy of the measurement.

4.4.1. Uncertainty in thermal Management of microchip

The uncertainties of the parameters investigated need to be calculated to obtain reliable results. The
accuracy of instruments and sensors is used for the referred calculation. As is illustrated in Figure 4. 22,
the power generated by power supplier P, the heat dissipated by HTF Q, the heat flux ¢, heat transfer

coefficient, h and their uncertainty are calculated by

Power supplier

U I

AT,

AT,

v AT, . . AT
Microfluidic Channel [—

AT,

Figure 4. 22 Schematic of the thermal characteristic of the microfluidic channel

P=Ul (4-1)
AP/P = \/(AU/U)Z +(AI/D2<VU/U+VI/I (4-2)
Q= pvaVTio (4-3)

4Q/Q = J(Ap/p)z +(4C,/Cp)% + (Av/v)2 + (A(VT;)/VT15)2 < Vp/p +VC,/Cp+ Vv /v +

V(VTio)/VTio (4'4)

Tio = Tour — T; (4'5)

VT, = /VToutz + VT, > (4-6)
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q=10Q/A (4-7)
Aq/q = J (4Q/Q)* + (4A/A)? <VQ/Q + VA/A (4-8)
h=q/VT, (4-9)
Ah/h = J (4q/9)* + (V(VTW)/VTy)? < Vq/q + V(VTy)/VTy (4-10)
Ty =Ts — Tin (4-11)

VT, = /VTSZ + VT2 (4-12)

In the measurement, the K thermocouples, the power supplier, the flow meter have an accuracy of £+

0.5<C, 0.1% for both voltage and current and 1% by the manufacturer respectively.

4.4.2. Thermal conductivity uncertainty analysis

Experimental results of thermal conductivity for water were compared with the referenced values from
the International Association for the properties of Water and Steam (IAPWS) to validate and repeat the
thermal conductivity measurement. The result of the thermal conductivity of distilled water at a
different temperature is shown in Figure 4. 23. According to the data, it is found that most data are
within error of 3 % compared with the value from IAPWS for the thermal conductivity of distilled water.
However, as is illustrated in the figure, the measured data are all slightly higher than the reference value.
This is likely due to the systematic error of the equipment (LAMBDA-system PSL Systemtechnik
GmbH, German). The reason for the systematic error might be the non-negligible natural convention

that enlarges the thermal conductivity measured by the equipment during the measurement
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Figure 4. 23 Thermal conductivity of distilled water at different temperature

4.4.3. Viscosity uncertainty analysis

Experimental results of viscosity for water were compared with the referenced values from the IAPWS
to validate and repeat the viscosity measurement. The result for the viscosity of distilled water at a
different temperature is shown in Figure 4. 24. According to the figure, it is found that most data are
within error of 5 % compared with the value from IAPWS for the viscosity of distilled water. This
suggests that good repeatability of the measurement with measured viscosity close to the reference
value can be obtained. So the rheometer (MCR502 Anton Paar, Austria) with the geometry of concentric

cylinder can be used to measure the low viscosity such as water and the aqueous-based nanofluids.
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Figure 4. 24 Viscosity of distilled water at different temperature

45, Summary

This chapter investigated the experimental set-ups, the thermal packages for the microchips, the

uncertainty analysis and the equipment used in the experiments.

o Four different types of set-up for the TM of the microchips with microfluidic channel were
fabricated and investigated to obtain the thermal performance and pressure drop of the purposed
channels with different heat transfers fluids

e Two types of thermal package of microchips with the microfluidic channels were successfully
fabricated for the experiment test. In the experiment different types and technology was used
for the thermal performance of the integrated system such as the thermocouples, the IR camera
and the Raman thermography.

e The uncertainly for the measurement of the TM of microchips and the characterisation of the
nanofluids was also studied.

e The equipment used for the characterisation of the nanofluids, the temperature measurement of
the test rigs and the 3D printer for fabricating of the microfluidic channel was also investigated.
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5. Results and discussions

This chapter consists of four major sections. Section 5.1 discusses the formulation and characterisation
of nanofluids. Experimental results of the thermal performance of microfluidic channels are presented
in Section 5.2. Section 5.3 presents the modelling results of materials for the package of the
microelectronic devices. Finally, the experimental results of the thermal performance of GaN transistors

are discussed in Section 5.4,

5.1. Results and discussion 1 - Nanofluids

In this section, two types of nanofluids were formulated according to their specific application condition.

BN/DI water was used for the temperature above 0 ‘C and rGO/EG+DW for the temperature as low as

- 50 °C as EG+DW was used as the coolant in these working conditions. After the formulation, the main

properties of the nanofluids were characterised, such as the particle size distribution, stability,
morphology, thermal conductivity, viscosity etc. Those properties have an important influence on the

application of heat transfer fluids.
5.1.1. Boron Nitride nanofluids - formulation and characterisation

Due to the good thermophysical properties of BN such ad high thermal conductivity and electrical
resistance, its nanoparticle was added into the deionised (DI) water for formulating BN/DI water

nanofluids.

. Formulation processes

As is illustrated in Figure 5. 1, there are two types of method for the formulation of the BN/DI water
nanofluids. The method 1 is a typical two-type method. After mixing dry BN powder with DI water,
Gum Arabic, Tween 20 and Tween 80 acting as surfactants during the synthesis were added into the
dispersants. As a comparison, the dispersion without surfactants was also formulated. The magnetic
agitation was applied before sonication with the matched time which was determined by the particle

size distribution during the experiment to have stable nanofluids which were tested by the long stability
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test by the { potential and particle size during the time. The procedure of method 2 with wet milling
was similar to Method 1. However, after adding the surfactant or not into the mixture, nano grinding
was applied to decrease the particle size of the nanoparticles which had a good influence in the thermal
conductivity enhancement according to the literature review in Chapter 2. The nanofluids with high

concentration were diluted into the desired concentration for its further characterisation.

Method 1 Sonication A Method 2 Wet milling

Surfactants/ Dispersants

Agitation
Sonication
BN/DIwater nanofluids

Figure 5. 1 Flow chart of the BN/DI water nanofluids
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Figure 5. 2 Average sizes of nanoparticles with sonication time
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Figure 5. 3 PDS of 0.05 wt. % BN/DI water nanofluids with and without wet milling

Dynamic light scattering (DLS) was used to determinate the hydrodynamic diameter of the BN
nanoparticles. Due to the limitation of the concentration of the nanofluids for the equipment, 0.05 wt. %
of nanofluids were tested. As were shown in Figure 5. 2, For Method 2 with wet milling, 40 min
sonication time was required to decrease the particle size to the plateau. The average hydrodynamic
particle size of BN was about 230 nm with the assumption of the primary particles as spherical shape.
However, for Method 1 without the wet milling, the BN nanofluid required 60 min to decrease particle
size to the plateau. The average particle size of BN was about 350 nm which was 120 nm larger than
its counterpart. From the curve of the hydrodynamic particle size distribution in Figure 5. 3, it can also
be observed that for Method 2, the range of size was between 90 nm and 900 nm with its peak at 230
nm while its counterpart, Method 1, the range of the size was between 125 nm and 1000 nm with its
peak at 350 nm. The difference in the PSD showed the wet milling can decrease the size of the particle
in the whole size range which shifted the peak size. A comparison of the measured size with the nominal
size of BN nanoparticles from the manufacturer (~150 nm) suggested that both the wet milling and

ultrasonication cannot completely disaggregate the agglomerates.
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. Morphology
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Figure 5. 4 ESEM of BN dry powder

Before the preparation of the BN nanofluid, the morphology of dry nanoparticle was characterized by
ESEM. The size of the nanoparticle between the data provided by the manufacturer and the
measurement by ESEM was compared. As can be seen in Figure 5. 4, h-BN’s particles have a platelet
shape with a mean diameter of 300 nm-500 nm. This size is 2-4 times larger than the manufacturer’s
specifications. Thus, there was agglomeration in dry powders. The agglomeration may be formed in
transportation and storage conditions. Therefore, to reduce and break the agglomeration and obtain a
well-dispersed nanofluid solution, processes such as wet milling and ultrasonication must be employed

in the two-step method.

AccY SpotMagn Det WD }——+——— 1um AecN Spothagn
15.0kY 30 20000x SE 83 150 KV 3.0 BON00K

Figure 5. 5 ESEM of BN nanoparticles after the formation process in different magnification: (a) 20,000 and (b) >80,000
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The ESEM analysis of the nanoparticles’ size and morphology after the wet milling were shown in
Figure 5. 5. Compared with the dry particles, most of the large clusters were broken down during the
wet milling and ultrasonication processes. The results also suggested the particles size from ESEM

showed good agreement with the DLS measurement.
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Figure 5. 6 & potential values of BN nanofluids as a function of pH value

The electrophoretic behaviour affects the dispersion of the nanoparticle in the base fluid. To obtain its
value, the & potential of nanofluid was measured. Figure 5. 6 showed the change of  potential of BN/DI
water nanofluid as a function of pH. It can be seen that isoelectric point (IEP) of BN nanoparticle in
deionized water was pH = 2.4. The suspension was negatively charged after pH > 2.4. Some researches
show that nanofluids have good stability with measured zeta potential above +25 mV or below —25 mV
[235]. After the wet milling, the measured pH of the BN/DI water nanofluid was larger than 9. This
implies that the electrostatic repulsion force between BN nanoparticles was high enough to overcome

the attraction force between particles.
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Figure 5. 7 Average particle sizes with time (a) process 1 without surfactant, (b) process 1 with surfactants and (c) process 2

without surfactant
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According to Figure 5. 7 (a), the average particle size of the nanofluid without surfactant increased day
by day. At the beginning of the test, the size was about 340 nm and 8 days later, the size increased to
380 nm. Sedimentation can be observed at the bottom of the vials. Therefore, nanofluid was unstable
without surfactants. In the following characterization, this type of nanofluid was not included. As is
shown in Figure 5. 7 (b), with surfactants adding, the suspensions can be stable up to 20 days. One
month later the sizes of particle eventual increased to 401 nm, 336 nm and 332 nm for Gum Arabic,
Tween 20 and Tween 80 respectively. The increasing trend for the next month was still observed. As is
depicted in Figure 5. 7 (c), the nanofluids with milling can be stable in the first 4 weeks after formulation.
The reason for this might be the milling process. The pH of the nanofluids steadily increased during the

wet milling. After 5.5 h milling, a pH of 9.45 was measured.

° Thermal conductivity

One of the main advantages of nanofluid is the potential for high enhancement of efficient thermal
conductivity which is one of the techniques to increase the heat transfer enhancement. The transient
heat wire method was used to measure the thermal conductivity of the base fluid (DI water) and

nanofluids.

Figure 5. 8 depicts the thermal conductivity of nanofluids via method 1 with 3 surfactants. Figure 5. 9
shows the thermal conductivity of nanofluids via method 2 versus temperature at various concentrations.
Compared Figure 5. 8 with Figure 5. 9, results showed that nanofluids fabricated with wet milling had
a higher thermal conductivity enhancement than the sonication in the temperature range. Therefore, in

the following characterisation, only wet milling process was measured and analysed.

According to Figure 5. 9, it can be seen that the higher thermal conductivity belonged to BN nanofluids
with higher temperature. According to Figure 5. 10, it can be obtained that the higher thermal
conductivity belonged to the BN nanofluids with higher concentrations. Here, two thermal conductivity
models for composites, the Maxwell model and the Prasher model were used to predict the thermal

conductivity of nanofluids.
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Maxwell model is based on the effective medium theory, and it is developed for a dilute suspension of

non-interacting spherical particles. The expression of the effective thermal conductivity is;

ka _ ks+2ke—2¢@(kf—ks) (5_1)
kg ks+2kg+o(kg—ks)

Where knf, kg, kf, and ¢ are the thermal conductivity of nanofluids, the thermal conductivity of
nanoparticles, the thermal conductivity of the base fluid, and the volume fraction of nanoparticles,

respectively.

Local convection due to the Brownian movement of the nanoparticles was considered in this model. A
modified Maxwell equation was used by including the Brownian-motion-induced convection from

multiple nanoparticles. This semi-empirical model can be expressed as

k kst+2ke—2@(ks—k
Enf _ 1 4 ARempyo33s Lty 2oty k)
kg ks+2ke+@(kr—ks)

(5-2)

Where, The coefficient A = 4 x10% m = 2; Re is the Reynolds which is defined as Re = % /—;?ZT and
atp

Pr is Prandtl number [79]. In Reynolds number, ky is the Boltzmann constant, T the temperature, pq the

density, and d, the diameter of the nanoparticle.
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Figure 5. 8 Thermal conductivity of nanofluids via process 1 (a) Gum Arabic, (b) Tween 20 and (c) Tween 80
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Figure 5. 10 Thermal conductivity versus concentration at various temperature
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Figure 5. 11 depicted the measured and predicted the thermal conductivity of BN/DI water nanofluids
to that of the base fluid for nanoparticle volume concentrations up to 0.5 wt. % (0.22 vol. %) at 25 and
75<C. According to the Maxwell equation, the effective medium theory only worked well at low
concentration and low temperature. For high concertation and high temperature, there was a large
deviation of measured data from the Maxwell model prediction. The measured data showed large
enhancement with temperature increase due to the effect associated with the proposed mechanisms of

thermal energy transfer in nanofluids.

Thus, the Brownian motion should be considered as one of the main mechanisms for the anomalous
increase of thermal conductivity for nanofluids. In the same context, Prasher et al. model show more
accurate prediction than the Maxwell model in both high and low temperature. By increasing the
temperature, thermal movement of molecules with Brownian motion intensifies and intermolecular
interactions become weakened, thus the viscosity decreases which is shown in the following section
and thermal conductivity increases. Thus, BN/DI water nanofluids in high temperature can obtain

higher thermal conductivity enhancement with lower viscosity compared to the room temperature.
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Figure 5. 11 Thermal conductivity BN/DI water nanofluids at 25 and 75 <C for different particle volume fractions
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Figure 5. 12 Viscosity versus the shear rate at 0.5 wt. % with 25 <C
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Figure 5. 13 Viscosity versus the shear rate at 1wt. % and 2 wt. % with 25 <C
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The viscosity of nanofluids is one of the most vital parameters, as it strongly affects the performance of
heat transfer fluids. DI water, as is expected, shows a Newtonian behaviour in the rate ranges varied
from 10 /s to 100 /s. To determine the rheological behaviours of BN nanofluids, the viscosity of BN/DI
water nanofluids versus shear rate was measured and the results are shown in Figure 5. 12 and Figure

5.13.

Figure 5. 12 reports the viscosity of 0.5 wt. % BN/DI water nanofluid versus the shear rate at 25 °C.

The suspension in this concentration still showed Newtonian behaviour. Applying the Newtonian
regression, the value of viscosity was 0.9108 mPa s which was close to the DI water’s value of 0.9028
mPa s. However, with the concentration of nanofluid increase, the rheology behaviour changed. As is
shown in Figure 5. 13, the viscosity of BN suspensions with a concentration of 1.0 wt. % and 2.0 wt. %
decreased exponentially as a function of shear rate. Thus, the nanofluids showed shear-thinning

(pseudo-plastic) behaviour.

The cause of this shear-thinning behaviour can be generally explained as follows. As is shown in Figure
5. 14 when nanofluids are at rest, small primary particles form into agglomeration. Meanwhile, they
surround a part of the dispersion and immaobilize it. When the shearing force is applied to the nanofluid,
the shearing disintegrates agglomerations into primary particles. Usually, the effectivity of interactive
forces between the particles is gradually reduced. Thus, the flow resistance decreases. The observed
shear-thinning behaviour indicates the nanofluids is unstable in the given concentrations, thus, in the

following measurement, only 0.05 wt. % -0 .5 wt. % was considered and measured.
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Figure 5. 14 Structure changes of nanofluids showing shear thinning behaviour: (a) at rest and (b) during shearing
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Figure 5. 16 Viscosity versus temperature at various concentrations with Arrhenius equation

Two important factors, concentration and temperature, were investigated for the BN/DI water
nanofluids. Figure 5. 15 reports viscosity versus concentration at various temperatures with the Einstein
equation. The increase of the viscosity of the suspension with hard solid spheres was first predicted by

Einstein in 1906. He presented the following relation describing this enhancement:

i = 1425¢ (5-3)
Nbf

Where 1,5 and 7,5 is the viscosity of nanofluids and base fluids.

According to Figure 5. 15, because of the low concentration of nanofluids Einstein model suited well
with the measured data. It can be seen that nanofluids show no obvious increase in viscosity in the given

concentration range. Those values are similar to the water at that temperature.

Similar to simple fluids, the temperature is one of the main effective parameters on the viscosity of
nanofluids. According to Figure 5. 16, nanofluids are strongly dependent on temperature, the viscosity
decreased for higher temperatures. As the viscosity was close to DI water, the Arrhenius equation was

used to predict the viscosity versus temperature.

= Ae}S_T (5-4)
n

Where A is a coefficient, Q is the activation energy and R is the universal gas constant.

According to Figure 5. 16, the Arrhenius equation can well suit the measured data. This meant that the
viscosity exponentially dropped with the increase in temperature. The reason for the decrease is due to

the weakening of the inter-particle and intermolecular adhesion forces.

. Electrical conductivity

The electrical conductivity of nanofluids is important for the electronic device, as it required the
minimum electromagnetic interference with the nanofluids. Here, the electrical conductivity at room
temperature was measured. As is shown in Figure 5. 17, the electrical conductivity of nanofluids

increased linearly with the concentration of BN. The electrical conductivity at 0.05 wt. % was around
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120 uS/cm and at 0.5 wt. %, it increased to about 600 uS/cm. The reason for the linear increase was

that the pH of nanofluids gradually increased in the wet milling process. The change in pH meant

electrical conductivity of nanofluids also increased. Then the high concentration of nanofluids diluted

into desired concentration with DI water, thus the electrical conductivity showed a linear increase.
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Figure 5. 17 Electrical conductivity as a function of concertation at room temperature

Summary of results for the Boron Nitride nanofluids

The following are main observations of the formulation and characterisations of BN/DI nanofluids:

The average particle size of wet milling process BN/DI water nanofluids was 247 nm which
was 100 nm small than the one without the wet milling process.

Method of sonication without surfactants showed the worst stability. 2 weeks good stability can
be achieved via the method of sonication with surfactant and method of wet milling.

The wet milling BN/DI water nanofluids had a ¢ potential large than -25 mV. The BN nanofluid

showed good stability with its concentration no larger than 0.5wt. %.
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e The thermals conductivity at 65 <C with 0.5 wt. % showed about 5.2 % enhancement compared
with DI water. In addition, the Prasher et al. model can suit the thermal conductivity change
with temperature and concertation well.

e The rheology showed that 1 wt. % and 2 wt. % of nanofluids had shear-thinning behaviour.
This meant nanofluids are unstable. With concentration no larger than 0.5 wt. %, Newtonian
behaviour had been observed. Besides, the viscosity change with concentration followed the
Einstein equation. Moreover, the viscosity change with temperature followed the Arrhenius
equation.

e The electrical conductivity was about 600 uS/cm at 0.5wt. %. The electrical conductivity
linearly decreases with the concertation decrease.

e The concertation of 0.5 wt. % BN/DI water nanofluids with wet milling was applied for the

microfluidic channel.
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5.1.2. Ethylene glycol+distilled water based nanofluids - formulation and

characterisation

In order to work in the temperature as low as -50 <C, Ethylene Glycol (EG) with distilled water (DW)
(6:4) was chosen for the heat transfer fluid. The graphene due to its high thermal conductivity and other

properties was chosen as the nanoparticles.

. Nanofluids formulation

Graphene (> 99.5 % purity, purchased from Nanografi, Turkey) with a nominal diameter of ~150 nm
was used to formulate nanofluids with concentrations of 0.5 wt. % ~ 5.0 wt. %. EG, HNOs and H.SO4
were all purchased from Sigma-Aldrich and used without further purification. H.SOs and HNOs were

used as oxidizing agents for the acid treatment of graphene [236].

As is shown in Figure 5. 18, 4 g of graphene was added in 80 mL of a 1:3 mixture of HNOs (64-65
wt. %) / H2SO4 (>95 wt. %). The suspension was sonicated in a water bath at 75 <C for 6 h. The resultant
suspension was filtered with a 200 nm pore membrane filter. After cleaning with distilled water, the
filter cake was put into the vacuum oven for 45 <C overnight to collect the dry rGO. Then the two-step

method was applied for synthesising the concentration needed.

75°C 6h
Sonication ) ey

H,S0,(>95%) L ]
+
HNO;(64%-65%)

Figure 5. 18 Reaction scheme for the acid treatment of Graphene

. Morphology

The morphology of the dry graphene powder and rGO nanoparticles were studied through ESEM

analyses working at an accelerator voltage of 15 kV. As is shown in Figure 5. 19, graphene dry nano-
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powders and rGO nanoparticles had flake-like morphology. The dry nanopowder had an estimated
average size of 2 um that was close to the manufacturer’s given value. The ESEM image clearly showed

the agglomeration of the dry powder. After the chemical reaction and ultrasonication, the rGO

nanoparticle’s size decreases to ~ 800 nm.

(@)

Figure 5. 19 ESEM of (a) graphene and (b) well-dispersed rGO nanoparticles

. Hydrodynamic size distribution

The size distribution of the nanoparticle in the dispersions was studied at 20 <C by analysing the random
changes in the intensity of scattered light collected with an angle of 173 < In order to obtain the
ultrasonication time, the apparent size with the ultrasonication time was investigated as is illustrated in
Figure 5. 20. It should be mentioned that the DLS measurement has an assumption that that particles

measured are spherical. However, the studied rGO nanoparticles are flake-like.
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Figure 5. 20 Apparent particle size with ultrasonication

The average apparent size without any ultrasonication was over 2500 nm. With 20 min ultrasonication,
it reached a plateau of 500 nm and barely showed any significant change for the following 40 min. Thus,
20 min was used in the following fabrication. Figure 5. 21 presented the particle size distribution of
rGO in EG+DW media with 20 min ultrasonication. A bimodal distribution with apparent size from
100 nm to around 1000 nm was observed. It can be seen from Figure 5. 21 that the location of the

second peak was around 800 nm which agreed with the ESEM image.
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Figure 5. 21 Particle size distribution of rGO in EG+DW media after 20 min sonication

e Stability

Zeta potential was studied as a function of pH. Due to the acidic groups introduced in the graphene, pH
of the rGO/EG+DW without any adding of HCI and/or NaOH was 3.84 for the concentration of 0.1
wt.%. HCI and NaOH were added into the dispersion to adjust pH from 2 to 12. As is indicated in Figure
5. 22, & potential seemed to be a constant around -50 mV for pH from 2 to 4 and then it decreased with
the increase of pH. The & potential reached -120 mV at a pH value of 12. Since in all measured range,
the absolute value of & potential was larger than 25 mV, the pH of rGO/EG+DW nanofluids did not

change during the rest characterisation.
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Figure 5. 22 & potential as a function of pH for rGO nanoparticles in EG+DW media

° Viscosity

The viscosity was measured with the rheometer (MCR502 Anton Paar, Austria) in the temperature
range from - 45 <C to 25 <C. As is shown in Figure 5. 23, the viscosity of the base fluid showed
Newtonian behaviour. With the increase of shear rate, the viscosity did not show significant change.
For nanofluid, with a concentration of nanoparticle up to 2.0 wt. %, the viscosity still showed Newtonian
behaviour. It can be observed that the viscosity of 0.5 wt. % nanofluid was higher than the base fluid.
2.0 wt. % nanofluid showed higher viscosity than 0.5 wt. % nanofluids in all temperature range.
However, an obvious shear-thinning behaviour was detected in the measured shear rate range of 10 /s
to 1000 /s for all the measured temperature from - 45 <C to 25 <C with the concentration increase to 5.0

wt. %. The shear-thinning behaviour indicated the nanofluids were unstable at this concentration.

As is seen in Figure 5. 24, the viscosity of both 2.0 wt. % rGO/EG+DW nanofluid and base fluid
increased with the decrease of temperature. Both base fluid and 2.0 wt. % nanofluid followed the
Arrhenius model. The viscosity difference between nanofluid and base liquid (133 mPa s at - 45 <C)

decreased with temperature increase, which became very small at room temperature (4 mPa s at 25 <C).

106



CHAPTER 5 RESULTS AND DISCUSSIONS

(@ — 45°C —-35°C  — -25°C —-15°C
— -5°C 5°C 15°C  —25°C
1000 |
- :
A
A
£
=
100
F——
10 !
10 100
Shear rate [1/s]
- (b) — 45°C — -35°C — -25°C — -15°C
— -5°C 5°C 15°C  —25°C
1000 |
a
A
E
=
100 F—
:—_—“‘\___
10 —t
10 100
shear rate [1/s]
F ()
[ — -45°C — -35°C — -25°C — -15°C
— -5°C 5°C 15°C —25°C
— 1000
=
[-™
E
=
100 |
[ ~— —
10 :
10 100

shear rate [1/s]

107




1000

1 [mPa-s]

100

CHAPTER 5 RESULTS AND DISCUSSIONS

(d) — -45°C — -35°C -25°C  —-15°C
- — -5°C 5°C 15°C —25°C

10 L M L L i L L il
10 100
shear rate [1/s]

Figure 5. 23 Apparent shear viscosity (a) base fluids(b) 0.5 wt.%,(c) 2.0 wt% and (d) 5.0 wt% - influence of temperature.
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Figure 5. 24 Temperature dependence of dynamic viscosity
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Thermal conductivity
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Figure 5. 25 Thermal conductivity versus concentration at various temperature
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Figure 5. 26 Thermal conductivity versus temperature at various concentrations
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Figure 5. 27 Thermal conductivity of rtGO/EG+DW nanofluids and its enhancement

The thermal conductivity was measured using a lambda measuring system (PSL Systemtechnik GmbH,
Germany) in the temperature range from 5 T to 25 <C. As is shown in Figure 5. 25, the thermal
conductivity of the base fluid and nanofluids both enhanced with the increase of temperature. As is
shown in Figure 5. 26, with concentration increasing from 0 wt. % to 2.0 wt. %, a linear increase in
thermal conductivity was observed in all the measured temperature range. In order to investigate the
increase of thermal conductivity with concentration, the thermal conductivity enhancement was used
and compared with possible theory as is shown in Figure 5. 27. It can be seen that the thermal
conductivity enhancement in line with the effective medium theory prediction Nan’s model [237]. The
reason is likely to be due to good dispersion of nanoparticle. The temperature showed little effect on

thermal conductivity enhancement. An enhancement of 17 % achieved with 2.0 wt. % nanoparticles.

_ 3+@[2B11(1-Ly1)+B33(1-L33)] _
k/kf 3-0(B11L11+B11L11) (5 5)

kp—ky
Bii = £

- kf+Lii(kp_kf) (5-6)

Where Li:=0 and Lss=1, as the aspect ratio of rGO is very high.
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Summary of results for reduced graphene oxide nanofluid

The main conclusions for the rGO/EG+DW nanofluids are:

After 20 min sonication and surface modification, the size of the agglomeration of flake-like
nanoparticles decreased from ~ 2 um to ~ 800 nm

The absolute value of & potential of nanofluids with pH showed an increase with the increase
of pH. Its value of -50 mV at pH is 2 suggested good stability in all the measured pH range.
The base fluid and nanofluids up to a concentration of 2.0 wt. % showed Newtonian behaviour.
However, for the concentration of 5.0 wt. % showed an obvious shear-thinning behaviour which
suggests the poor stability in this concentration.

The enhancement thermal conductivity of nanofluids with concentration agreed well with
effective medium theory, with a 17 % increase at concertation of 2.0 wt. %

The concertation of 2.0 wt. % rGO/EG+DW nanofluids were applied for the microfluidic

channel.
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5.2. Results and discussion 2 - Microfluidic channels

This section presents the results of two microfluidic channels of the cooper-foam based microfluidic
channels and the micro-jet based microfluidic channels; including both experimental and modelling

results.
5.2.1. Performance of copper-foam based microfluidic channels

The copper-foam based channel was tested due to its potential of a high heat transfer coefficient due to
the large surface area to volume ratio (about 1000-3000 m#m3 [163] and the porous metal tortuosity
providing an extended heat transfer area. The copper-foam used in the experiment had the pore per inch

(PPI) of 50 and the porosity of the copper-foam was 95 %.
° Geometry optimisation

Three different types of copper-foam based microfluidic channels were investigated in the experiments.
They are illustrated in Figure 5. 28, marked as GEO1, GEO2 and GEO3 and representing three
generations of development, respectively. In the GEO 1, the size of the copper-foam size was 52 >52
<10 mm. The copper-foam was inserted in the channel made with copper. The cross-section area of the
channel for the copper-foam was 520 mm=1It was made with pure copper material. To enhance and
optimise the channel performance, GEO 2 and GEO 3 were designed and fabricated with aims to reduce

the size and enhance heat transfer.

The size of the GEO2 copper-foam channel was 10 <10 x5 mm. To use the same copper casing and the
lid, 3D printed insertion was made to fit the channel. The insertion was made of polymeric material
with low thermal conductivity. The design allowed the creation of a converging flow into the
microfluidic channels, realised by the use of a changing cross-sectional area from 10 <10 mm at the
inlet to 10 > mm at the copper foam channel inlet. The size is 10.4 times smaller compared with the
GEO 1. To fix the 10x10>6 mm copper foam in the channel, the size of the fluids chamber shown in

Figure 5. 28 was designed as 12x 10 >6 mm. The outlet diverging flow pipe design was symmetrical.
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GEO 3 is a further optimised version with a cross-section area further reduced compared with GEO2.
Although the volume of copper-foam of the GEO 3 was also set to be 10 <10 >6 mm, the converging
inlet pipe cross-section area was reduced from 10 <10 mm to 2 <L mm. Then, the heat transfer fluid
flowed through the copper-foam chamber with a volume of 500 mm=¥or the copper foam. A diverging
pipe flow with an area increases 2 <L mm to 10 <10 mm was followed. Compared with the GEO 1, the
cross-sectional area of the GEO3 was 260 times smaller (2mm? for GEO3, 520mm? for GEO1) The
dimension of the copper-foam for the GEO3 was the same as the printed hole in the middle of the

channel which was 10 <10 >5 mm.

GEO2

GEO3

2 mm
o
-
8
-
- . - -

Figure 5. 28 3 types of the copper-foam based microfluidic channel
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o Experimental test - rig

Three K type thermocouples with an accuracy of 1.5 <C were inserted to the test rig as illustrated in
Figure 5. 29. Two of the thermocouples were positioned at the inlet (T:=Tin) and outlet (T3=Tou). The
third thermocouple (T2) was positioned at the bottom surface of the diamond heat spreader. The
diameter of the T, thermocouple was 75 pm and was attached to the centre of the diamond heat spreader.

The measured temperatures were used to calculate the heat transfer coefficient and thermal resistance.

>>>>>>>
::::::::
))))))))

::::::::

>>>>>

foam based
channel

2e+004 4 +004 (um)

Figure 5. 29 Schematic diagram of the test rig with thermocouples inserted in

Two important parameters for the evaluation of the performance of the copper-foam based microfluidic
channels are the heat transfer coefficient and the thermal resistance of the channel. A schematic diagram
of the heat transfer coefficient and thermal resistance distribution is shown in Figure 5. 30. For the
calculation the heat transfer coefficient, the following assumptions were made: firstly, the heat flux was
homogeneously distributed at the bottom of the die surface; and secondly, the heat transfer coefficient
was uniformly distributed in the microfluidic channel. The equations for the calculation of the heat

transfer coefficient and the thermal resistance are as followed:

hte = 37 57)
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q= % (5-8)
AT = Taiamona — Tin (5-9)
Ren = 3 (5-10)

where q is the heat flux at the bottom surface of the die; AT is the temperature difference between the
centre of the diamond surface and inlet; Q is the power applied to the die; Ry, is the thermal resistance

of the channel; and A is the area of the die which is 1.86>4.82 mm.

Die

Epoxy

Diamond heat spreader

Figure 5. 30 Schematic diagrams of the heat transfer coefficient and thermal resistance distribution

Table 5. 1 Flow rates and power applied on the die in the experiment

Types 0.4 L/min 1.2L/min

voltage/current (V/A) power (W)  voltage/current (V/A) power (W)

GEO1 3.000V/2.037A 6.111 / /
GEO 2 3.000V/2.062A 6.186 3.000V/2.061A 6.183
GEO 3 5.000V/1.200A 6.000 20.000V/1.444A 28.880

115



CHAPTER 5 RESULTS AND DISCUSSIONS

Table 5.1 gives the power level applied to the microchips and flow rate used in the experiments. (1) In
the GEO 1, the flow rate of 0.4 L/min was used. In GEO 2, the flow rates were 0.4 L/min and 1.2 L/min.
The power applied on the die during experiments with GEO 1 and GEO 2 was 3.000 V and the output
power was around ~6W. (2) For the GEO 3 with the flow rate in 0.4 L/min, the voltage applied on the
die was 5.000V and the current was 1.200A. Thus, the power applied on the die was 6.000 W. With the
flow rate increase to 1.2 L/min, to decrease the uncertainty of heat transfer coefficient and thermal
resistance, the voltage applied on the die was set to be 20.000V and the current was 1.444 A. and the

power was set on the 28.880 W.

° Temperature distribution in the channel

The temperature distribution in the channel as a function of time is illustrated in Figure 5. 31, showing
the thermal performance of the copper-foam-based microfluidic channel. In all of the experiments, there
were three stages: no-power stage; on-power stage; and off-power stage. In the no-power stage, there
was no power applied to the device. The inlet temperature, outlet stage and the temperature on the
surface of diamond heat spreader were almost the same. In the on-power stage, with the power applied
to the transistors, the temperature on the surface of the diamond heat spreader immediately soared while
the inlet and outlet temperature showed little change. The reason for this temperature behaviour in the
channel suggested that (a) the heat flux can be immediately transferred to the cooling channel and (b)

there was the large temperature gradient in the thin thermal boundary layer.

According to the Figure 5. 31 (a), with about 6 W power applied on the die and a flow rate of 0.4 L/
min, the maximum temperature in the diamond heat spreader for the GEO 1was about 41.52 <C. Thus,

the temperature difference AT was 20.84 °C. According to the Figure 5. 31 (b) and Figure 5. 31 (c), for

the GEO 2 with a flow rate of 0.4 L/min, the maximum temperature on the surface of the diamond heat
spreader was 32.35 °C and the temperature difference AT was 12.73 °C. It showed that the optimized
channel had better performance than the original design. With the flow rate increased 3 times, the
maximum temperature slightly decreased to 31.46 <C. Thus, the temperature in the diamond heat

spreader showed 1.16 <C decrease.
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According to the Figure 5. 31 (d), in the GEO 3 with a flow rate of 0.4 L/min and power of 6 W applied
on the device, the maximum temperature on the surface of diamond heat spreader was 29.75 <C and the
temperature difference was 10.09 <C. This suggested the GEO 3 had better performance than the GEO
2. In the GEO 3 with a flow rate of 1.2 L/min and the output power of 28.88 W applied on the device,
according to Figure 5. 31 (d), the maximum temperature on the surface of diamond heat spreader
fluctuations in the on-power stage with the average temperature 60.04 <C and the temperature difference
about 41.37 <C can be calculated during the test. The reason for the fluctuations of the temperature

might due to the unstable performance of the transistors due to the high temperature.
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Figure 5. 31 Temperature measured in the experiment for GEO 1, GEO 2 and GEO 3
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. Heat transfer coefficient and thermal resistance

In order to quantify the thermal performance of different types of the microfluidic channel, the heat
transfer coefficient and the thermal resistance were calculated and illustrated in Figure 5. 32. The heat
transfer coefficient of the GEO 1 with the flow rate of 0.4 L/min was 32.718 kW/(m=<). The heat
transfer coefficient of the GEO 2 with the same flow rate was about 54.212 kW/(m=<C) which was 1.7
times higher than its counterpart. And with 3 times increase of the flow rate, the heat transfer coefficient
showed a slight increase of 5.439 kW/(m=<). The heat transfer coefficient for the GEO 3 was 2.0
times higher the GEO 1 with the flow rate of 0.4 L/min. With the flow rate increase to 1.2 L/min, an

11.518 kW/(m=<) heat transfer coefficient was observed.
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Figure 5. 32 (a) Heat transfer coefficient and (b) the thermal resistance of the copper-foam channel with the flow rate
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The thermal resistance showed similar trends. With the flow rate of 0.4 L/min, the thermal resistance

in the microfluidic channel for GEO 1 was 3.41 <T/W. This value showed 1.35 <T/W decrease for GEO

2 and further 0.38 <C/W was observed for GEO 3. With the flow rate of 1.2 L/min, the thermal resistance

in the microfluidic channel for GEO 2 was 1.87 <T/W. It was 0.19 <T/W lower than the same geometry

with the flow rate of 0.4 L/min. The lowest thermal resistance of 1.43 <T/W was observed for GEO 3

with the flow rate of 1.2 L/min.

Summary for copper-foam based microfluidic channel

From the copper-foam based microfluidic channel experiments detailed above, the following main

observations are obtained

The feasibility of a thermal package of the microchips with copper-foam-based microfluidic
channels has been illustrated. The 3D printing technology was successfully used for the
fabrication of miniaturised and optimized geometry of the microfluidic channels.

Three generations of the designs were performed. The GEO 1 had a heat transfer coefficient of
32.714 kW/(m==C) with a flow rate of 0.4 L/min. This value was doubled with the GEO 3.
When the flow rate was increased to 1.2 L/min with GEQOS, the heat transfer coefficient was
77.874 kW/(m==C). As will be shown later, this value is still a lot smaller than the micro-jet
impingement channel with a flow rate of 0.25 L/min which has a maximum heat transfer
coefficient of 158.5 kW/(m=C).

The GEO 1 had a thermal resistance of 3.41 <C/W with a flow rate of 0.4 L/min. This value

decreased to 1.68 °C/W with the optimized geometry of GEO 3. With the flow rate increased
to 1.2 L/min with the GEO 3, the thermal resistance further decreased to 1.43 °C/W.

The experiments also showed that the die was burnt out with an applied power of 28.888W.
Many reasons could be responsible for this, including low thermal conductivity of the die-attach
material, the high SiC layer (400 pm) and insufficient heat transfer coefficient of the

microfluidic channel.
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5.2.2. Performance of micro-jet channel with deionised water based fluids

This sub-section presents the experimental and modelling results of micro-jet impingement channels
with both the DI water and nanofluids including 0.5 wt. % BN/DI water nanofluid, EG+DW (6:4) and

the 2.0 wt. % rGO/EG+DW.

o Characterisation of Micro-jet channel

The micro-jet impingement channels were introduced in the previous chapter. The designed size for the
micro-jet nozzles was 600 um. As is illustrated in Figure 5. 33, the size of the fabricated nozzle changed

slightly within a range of 550 pm-650 pm.

Figure 5. 33 Size of the jetting array

Figure 5. 34 The surface of micro-jet impingement under a microscope.
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The reasons for the difference between the designed and fabricated channels include the following:

e The debris of photo-polymeric resin with high viscosity attached to the inner wall cannot be
thoroughly cleaned and it solidification with the UV light curing,
e The UV curing with high temperature slightly deforms the orifices.
The morphology of the surface of the micro-jet impingement channel under the microscope is shown
in Figure 5. 34. It can be observed that the surface of the micro-jet channel was not quite smooth. There
are lots of holes with a diameter of around 45 pm. This might affect the pressure drop for the whole

channel.
° Experiment and validation of simulation with deionised water

The IR camera was used to illustrate the temperature distribution on the microchip and diamond surface
as is illustrated in Figure 5. 35. There were three measuring points inserted in the IR image as P1, P2
and P5. It can be observed that with power applied on the microchip, all the given the measured area
heated up. It can be also seen from the image that the temperature on the diamond surface seemed to be
homogeneous. The golden wire and the PCB pads seemed to have a high temperature that indicated that
not all the heat powered by power supplier was applied on the microchips. There was energy loss in the

circuit.

Figure 5. 35 IR image of microchip and diamond surface at a flow rate of 0.2L/min (left) without power applied; (right)with

the power of 6.118 W
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Figure 5. 36 Temperature on diamond surface 0.2L/min

As is illustrated in Figure 5. 36, with power applied on the die, the whole device reached a steady state
in a very short time. With the power off, due to the highly efficient heat dissipation, the temperature
immediately decreased to the cooling temperature. For the data analysis, the temperature difference in
the same location on the diamond surface with and without power applied was used to compare with

the simulation results.

Table 5. 2 Thermophysical properties of water with temperature

T k ] Pr
°C WI/(m . K) Pa . s

20 0.599 1.004E-03 7.02
25 0.609 9.028E-04 6.22
35 0.627 7.274E-04 4.87
45 0.642 6.014E-04 3.93
55 0.654 5.097E-04 3.27
65 0.664 4.380E-04 2.77
75 0.671 3.806E-04 2.38
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As is illustrated in Table 5. 2, the properties of DI water related to the heat transfer and pressure drop
was not temperature independence. The thermal conductivity increases with the increase of temperature
while the viscosity shows the opposite trend with temperature. The given data in the table were used in

the simulation for DI water.

As is indicated in Figure 5. 37, the temperature difference between inlet and outlet showed a linear
decrease with increase in the flow rate. It suggested that the heat dissipated by the heat transfer fluid
did not significantly change within measured flow rates. The dissipated heat by water can be obtained

by the following equation:
Qais = pC,vVT (5-11)

Where p is the density, C, is the specific heat capacity, v is the velocity of the fluid and V'T is the

temperature difference between inlet and outlet.

AT [°C]
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Figure 5. 37 Temperature difference between inlet and outlet

Table 5. 3 showed the power generated by the DC power supplier and the heat dissipated by HTF.
During the experiment, the voltage applied on the microelectronic was set to be 3.500 V with the slight
fluctuating current for different flow rates. The average total output power was about 6.1 W. However,
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the average heat dissipated by the HTF was about 5.3 W. The value with 0.10 L/min seemed to be slight
than the average value. This might due to the low flow rate. Thus, 5.3 W was used as heat dissipated

from the microchips in the simulation.

Table 5. 3 Power generated by power supplier and dissipated by water

flow rate Voltage Current Power Heat dissipated by HTF
L/min \% A w w
0.10 3.500 1.754 6.139 3.766
0.15 3.500 1.745 6.108 5.163
0.20 3.500 1.745 6.108 5.500
0.25 3.500 1.748 6.118 5.237

The numerical simulation was used to validate the performance of the micro-jet impingement channel.
As was illustrated in Figure 5. 38, the top view with the die and the diamond surface showed its
temperature distribution. To compare with the experiment results, a point position with coordination of
8.5 mm and 7.5 mm was used to monitor the temperature increase in this location. This location was
the same as the location of P1 in the experiment. It can also be seen that the temperature gradient across
the diamond surface seemed to be small. This simulation result was validated with the experiment
results, as is shown in Figure 5. 39. The temperature increase among the P1, P2 and P5 had a small
difference in every measured flow rate. As the htc increased with the flow rate increase, the temperature
increase for P1, P2 and P5 decreased. The results also showed that the simulation results agreed well

with the experiment results in every measured flow rate.
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Figure 5. 38 Temperature distribution and location for the point in simulation with a flow rate of 0.2 L/min
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Figure 5. 39 Temperature difference with simulation and experiment
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. Experiment and validation of simulation with Boron Nitride nanofluids

As is characterised in section 5.1, for the stable nanofluid, the 0.5 wt.% BN/DI water nanofluids showed
the highest thermal conductivity meanwhile there was no noticeable increase in the viscosity for the
nanofluid. Thus, in the simulation, 0.5 wt.% BN nanofluids were used with its thermophysical
properties illustrated in Table 5. 4. The density and specific thermal capability were calculated via
equations in Chapter 2. The measured value of the thermal conductivity of nanofluids and base fluids
was applied in the simulations. Due to the insignificant increase in viscosity, the viscosity of 0.5 wt.%

BN.DI water nanofluids in the simulation were the same as DI water.

Table 5. 4 Thermophysical properties of 0.5 wt.% BN/DI water nanofluids with temperature

T k n Pr
°C W/(m . K) Pas

20 0.605 1.004E-03 7.02
25 0.643 9.028E-04 6.22
35 0.660 7.274E-04 4.87
45 0.679 6.014E-04 3.93
55 0.701 5.097E-04 3.27
65 0.733 4.380E-04 2.77
75 0.797 3.806E-04 2.38
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Figure 5. 40 Temperature at 2.000 V 1.012A with 0.53 m/s in experiment and simulation for BN/DI water nanofluids

In the experiment, the IR camera was used to measure the temperatures on the surface of the diamond
heat spreader. As is illustrated in Figure 5. 40, 5 points (P1, P2, P3, P4 and P5 ) for the measurement
were inserted in different locations. During the test, without any power applied on the die, the
temperatures on the diamond were uniform with only £0.15 <C difference for the 5 selected points.
With the electrical energy applied on the microchip, the temperature on the diamond surface instantly
soared up to a new plateau. It can be seen that there is no significant difference in the measuring area
with power applied. Thus, in the simulation, the same location in Figure 5. 38 was used for the numerical
validation. The simulation result for the diamond heat spreader was 23.4 <C, which was close to
measured values in all the 5 points. Once the power on the die was removed, the temperature on

diamond heat spreader seemed to simultaneously decrease to the initial temperature.

. Performance of deionised water - flow rate

The numerical simulation was used to obtain the heat transfer coefficient distribution with different
flow rate on the diamond surface as is illustrated in Figure 5. 41. The results showed that the high heat
transfer coefficient area was the proximity to micro-jet orifices. It can also be seen that with the inlet
velocity increase, the maximum heat transfer coefficient almost doubled from 84.1 kW/(m=K) to 158.5

kW/(m=K) with flow rate increase from 0.10 L/min to 0.25 L/min. A similar amount of heat transfer
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coefficient can be found in some research [209]. Remco et al [238] with micro-jetting can obtain a htc
of 730 kKW/( m=2K) near the jetting area in the experiment. The area with high htc gradually increased
with the increase of velocity. The average htc on the diamond surface was displayed in Figure 5. 42.
The average heat transfer coefficient was much smaller than the maximum htc in the same flow rate
that indicated the highly inhomogeneous distribution of heat transfer coefficient on the diamond heat
spreader surface as was illustrated in the htc distribution on the diamond surface. It can also be obtained

that the average heat transfer coefficient seemed to show a power function growth trend with flow rate.
2
0 kW/(m°K) 158.5 KW/(m2K)

[ | . || _ e
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Figure 5. 41 Distribution of the heat transfer coefficient with the different flow rates
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Figure 5. 42 Average htc heat transfer coefficient with inlet velocity

129



CHAPTER 5 RESULTS AND DISCUSSIONS

. Performance of deionised water - inlet temperature

One of the main concern for the given heat transfer coefficient is its inlet temperature. It affects the
temperature on the diamond surface thus influenced the temperature on the microchip. The distribution
of the heat transfer coefficient with different inlet temperature as illustrated in Figure 5. 43. With the
inlet temperature decreased from 50 <C to 20 <C, the shapes for the high htc area barely changed.
However, the maximum heat transfer coefficient slightly linear decreased by 17% as was illustrated in
Figure 5. 44. The average htc showed similarity with the maximum htc with about 21% decrease with

the same temperature decrease.

0 kW/(m?-K) 186.7 kW/(m?*-K)
B om -
50°C 40°C 30°C 20°C

Figure 5. 43 Distribution of the htc with inlet temperature at a heat flux of 5\W/mm2
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Figure 5. 44 Average and maximum heat transfer coefficient with inlet temperature at a heat flux of 5W/mm=

Table 5. 5 illustrated the maximum, minimum and average temperature on the diamond heat spreader
surface with 5 W/mm= The results showed that the average temperature was much closer to the
minimum temperature on the diamond surface than its counterpart was. This echoed to htc distribution
and difference between the maximum htc and average htc. It can also be seen from the figure that with
a 30 <C temperature increase from 20 T to 50 <C, almost a linear increase with approximately 30 <C

increase in all the case.

Table 5. 5 Temperature on the diamond with inlet temperature at a heat flux of 5 W/mm=

inlet max on diamond min on diamond average on diamond
<T <T <T <T

50.00 50.91 50.34 50.49

40.00 40.95 40.37 40.52

30.00 31.00 30.41 30.56

20.00 21.06 20.45 20.61
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° Performance of deionised water - heat flux

Another important factor affecting the temperature distribution in the test rig is the heat flux applied
one the microchips. As is illustrated in Figure 5. 45, with heat flux increase from 0 W/mm=2o0 60 W/mm=
the maximum temperature on the diamond surface, the minimum temperature on the diamond surface
and the average temperature on the diamond almost linearly increased by 13.51 <C, 6.12 T and 8.12 <TC,
respectively. The linear increase seemed to suggest that there was no significant change in the htc
distribution. As is shown in Figure 5. 46, the htc distribution on the diamond surface had little change

with the heat flux increased from 10 W/mm=o0 60 W/mm=

35

—T max

B --T min

-=-T average

0 10 20 30 40 50 60
Heat flux [W/mm?|

Figure 5. 45 Temperature on the diamond with heat flux
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Figure 5. 46 Distribution of the htc with heat flux
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Comparison of the base fluid and nanofluid
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Figure 5. 47 Heat transfer coefficient distribution on the surface of the diamond heat spreader
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Figure 5. 48 Average heat transfer coefficient of DI water and 0.5 wt.% BN/DI water nanofluids with velocity

In order to evaluate the thermal performance of the 0.5 wt. % BN/DI water nanofluid, the heat transfer

coefficient on the surface of the diamond heat spreader was analysed and compared with its counterpart.

As is shown in Figure 5. 47, with the flow rate increase from 0.10 L/min to 0.25 L/min, the maximum

heat flux coefficient for the BN nanofluid escalated from 90.7 kW/(m=K) to 164.0 kW/(m=XK), which
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were 6.7 % and 3.4% higher than the DI water in the same condition, respectively. The average heat
transfer coefficient with velocity, as is illustrated in Figure 5. 48, showed similar trends for both DI
water and 0.5 wt.% BN/DI water nanofluids. The BN nanofluids had nearly 5% higher heat transfer

coefficient than the base fluid.
° Dimensionless analysis

For the given micro-jet impingement channel, a dimensionless analysis of fluid parameter relevant to
the heat transfer suggested that the Nusselt number had a functional dependence as shown in the

following equation;

Nu = CRe™Pr™ (5-12)
The least-square method has been used with Reynolds number, Nusselt number and Prandtl number

obtained from the simulation. In those simulations, the water (Pr = 4.5) in the turbulence flow was

used to fit the correlation given by;

Nu = 0.015Re%847 py0:562 (5-13)
The dependence of Reynolds number is a typical value which was previously shown for the micro-
jetting array. The exponential value is 0.847 close to 0.78 used in some papers [239]. The reason is that
entire heater area lay within the ‘‘impingement zone’’ for all of the jetting arrays. Meanwhile, the
Prandtl number dependence is also similar in previous studies The exponential value is 0.562 close to

0.44 used in the correlation of some paper [240].

° Summary of micro-jet channel with deionised water based nanofluid

The following is a summary of observations with DI water and BN/DI water nanofluids:

e The 0.5 wt.% BN nanofluid had better performance than the base fluid. The results showed the
BN nanofluid had about a 5% enhancement for the heat transfer coefficient than the DI water.
e The increase in the flow rate increased the heat transfer coefficient for both DI water and its

counterpart.
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Inlet temperature can slightly change the maximum heat transfer coefficient of the micro-jet
array channel. However, the average heat transfer coefficient did not show a significant change.
The heat flux in the given range did not significantly change the distribution of heat transfer
coefficient. Thus, a linear trend for the maximum temperature in the die can be obtained with

the increase of heat flux.
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5.2.3. Performance of micro-jet channel with ethylene glycol+distilled water-

based fluids

The microchips may be used at ambient temperature as low as -50 <C. The EG+DW based rGO

nanofluids were studied and the results are presented in this sub-section.
° Experiments and validation of simulation with ethylene glycol+distilled water-based fluid

The viscosity and thermal conductivity of the EG+DW base fluid and 2.0 wt. % rGO/EG+DW nanofluid
were listed in Table 5. 6. With the temperature increased from 228.15K (-45 <C) to 298.15K (25 <C),
the viscosity of both base fluid and nanofluid showed a dramatic decrease. Meanwhile, the thermal
conductivity of the base fluid and nanofluid slightly increased with the same temperature rise. The range
of Prandtl number for both base fluid and nanofluid fiercely deceased with the same temperature change.
It should be pointed out that the thermal conductivity of nanofluid was 17 % higher than its counterpart
at the same temperature meanwhile The nanofluid had a higher viscosity than base fluid. With the
temperature increasing to the room temperature, the difference of the viscosities declined to a barely
noticeable value. However, both base fluid and nanofluid had approximately 10 times larger viscosity
than water at the room temperature. During the experiments and simulations, the Reynolds number

varied from 0.3 to 46 because of the large viscosities of fluids. It suggested nanofluid were in laminar

flow.
Table 5. 6 Properties of EG+DW and 2.0 wt.% rGO nanofluid
p-base k-base Pr-base n-2.0% k-2.0% Pr-2.0%
fluid fluid fluids nanofluid nanofluid nanofluid
K Pas W/(m K) Pas W/(m K)
228.15 0.543 0.30 5138.8 0.676 0.352 5471.8
248.15 0.095 0.32 855.4 0.116 0.375 899.4
268.15 0.031 0.34 276.5 0.038 0.395 290.0
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298.15 0.012 0.359 107.5 0.016 0.420 122.6

For the base fluid and nanofluid, the IR camera was used to measure the temperature distribution as
well as temperature change on the microchip and the diamond surface as is illustrated in Figure 5. 49
for EG+DW base fluid. There were two measuring points inserted in the IR image as P1 and P2. It can
be seen that with power applied on the microchip, all the given the measured area was heated up. The
same method of the data analysis with the DI water as the heat transfer fluid was used for the EG+DW
base fluid and 2 wt. % rGO/EG+DW nanofluid. The results were given in Figure 5. 50. The temperature

on different points, P2, P3 and P4 were extracted and compared with experiment.

The simulation model for EG+DW base fluid and 2 wt. % rGO/EG+DW nanofluid were the same as
the water. In the simulation, the properties of the base fluid and nanofluid were imported into the CFD
software to simulate the performance of the given HTFs in the micro-jet impingent channel. In the
simulation, the same point was used to validate the simulation with experiment. The simulation results
were validated with the experiment results, as is shown in Figure 5. 51. The temperature differences
between the P1 and P2 was small in the measured flow rate. The results also showed that with the power
applied on the microchip, the temperature on diamond heat spreader immediately increased and the
same quick respond occurred when the power decreased. The temperature on the diamond surface for
simulation was roughly around 30.54 <C, very close to the measuring value. Thus, the simulation results
agreed well with the experiment results in the given condition. The same results can also be observed

for 2.0 wt. % rGO/EG+DW nanofluids in Figure 5. 52.
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Figure 5. 49 IR images for EG+DW fluid with 2.500 V 1.270 A (a) without power and (b) with power
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Figure 5. 51 Experiment and simulation of temperature on the diamond surface with Vin = 0.246 m/s for EG+DW base fluid
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Figure 5. 52 Experiment and simulation of temperature on the diamond surface with Vin = 0.246 m/s for 2.0 wt.% rGO
nanofluid
It should be pointed out that the experiment was conducted in the room temperature. However, the main

application for the EG+DW based fluids was acted as a coolant for temperature as low as -50 <C. Thus,

the simulation mainly focuses on sub-zero temperature.

. Comparison of the base fluid and nanofluid

Two main parameters, the pressure drop in the micro-jet impingement channel AP and the htc on the
diamond heat spreader, were used to evaluate the performance of the base fluid and nanofluid as are
illustrated Figure 5. 53 and Figure 5. 54. For the average htc on the diamond heat spreader surface, the
nanofluids had a noticeably higher value than its counterpart. The reason for this was mainly due to the
17% enhancement in the thermal conductivity. The results also seemed to suggest that there was no
obvious change for average htc with inlet temperature climbed from -45 <C to 20 <C. The reason for
this might be a limited change in their thermal conductivity. For pressure drop across the inlet and outlet,
the nanofluid also had an apparent higher value than the base fluid at the same temperature. The reason

for this was mainly due to the increase in the viscosity by adding nanoparticles. The results also showed
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that with inlet temperature increased from -45 <C to 20 <C, the AP sharply decreased. The reason for

this might be the dramatical change in the viscosity.
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Figure 5. 53 Average htc of the base fluid and nanofluid with different inlet temperature at v=0.53 m/s

Comparing the performance of base fluid and nanofluid at the same inlet temperature cannot obtain an
affirmatory conclusion that the nanofluid has better performance than the base fluid as both AP and htc

for nanofluid showed considerably increase.
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Figure 5. 54 AP of the base fluid and nanofluid with different inlet temperature at v=0.53 m/s

12 '/"

10 [ /

AP [kPa]

[ . y = 4.1786x2 + 22.282x - 0.071
4 v 2=1

0 [ ./. : L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L L
0 0.1 0.2 0.3 04 0.5
Vinlet [m/S]

Figure 5. 55 AP of nanofluid with different inlet velocity at the temperature of -5 T

In order to compare the base fluid and nanofluid, the nanofluid with different inlet velocity had been
simulated to obtain the htc and AP at an inlet temperature of -5 <C. As is illustrated in Figure 5. 55, the

pressure drop increased with the increase of the inlet velocity. The classical trend for velocity with the
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pressure drop is quadratic. However, the fitting curve did not show a strong quadratic trend for base

fluid. The reason for this might be a dramatic change in viscosity. The correlation is expressed as:
AP = 4.1786v2,,,; + 22.2820;0¢ — 0.071 (5-14)

As was illustrated in Figure 5. 56, the average htc on the surface of the diamond heat spreader showed

a power function growth with the inlet velocity. The correlation is expressed as:

htc = 5.9756v):1%77 (5-15)
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Figure 5. 56 Average htc of nanofluid with different inlet velocity at the temperature of -5 C

Table 5. 7 Comparison of the base fluid and nanofluid

Tinlet htCaver AP
HTF e WI(m? K) kPa
base fluid -5 3877 10.663
nanofluid -5 3877 8.347

Using those correlations, the htc and AP for nanofluid at different inlet velocity can be simultaneously
acquired. As isillustrated in Table 5. 7, the average htc and AP of the base fluid with an inlet temperature
of -5 T and velocity of 0.53 m/s were 3877 W/(m2 K) and 10.663 kPa, respectively. In order to have

the same average htc, the micro-jetting channel with rGO nanofluid required the pressure drop of 8.347
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kPa, which was 2.316 kPa less than its counterpart. The result clearly showed that the performance of
nanofluid was better than the base fluid. Thus, in the following study, Only rGO nanofluid was

considered and simulated the nanofluids.

° Performance of reduced graphene oxide nanofluid - inlet temperature

As inlet temperature affects the temperature on the diamond surface which influences the temperature
on the microchip, this part is mainly focused on the impact of the inlet temperature for the thermal
performance micro-jetting channel with rGO nanofluid. The average htc of two different inlet
temperatures ( -5 < and -25 <C) with different inlet velocity is illustrated in Figure 5. 57. In each
simulated inlet velocity, the average heat transfer coefficient for the micro-jetting channel with an inlet
temperature of -25 <C had little different from the inlet temperature with a value of -5 <C. Both of them

showed the same power function growth with the inlet velocity.
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Figure 5. 57 Average htc of nanofluid with different inlet velocity and temperature

As is illustrated in Figure 5. 58, in the beginning, the maximum temperature on the diamond sharply
decreased with the increase of inlet velocity. However, a much more gentle decrease had been witnessed
afterwards. The reason for this might be in the power function growth of average htc with inlet velocity.
As was expressed in the given correlation, the rate of change of htc with respect to inlet velocity

decreased with the increase of velocity. Thus, the temperature decrease trend also slowed down. The
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results also seemed to suggest that the curve for -5 <C could be obtained by adding 20 <C to the curve
of -25 <C. Such a claim can be more visually obtained by comparing the temperature distribution on
diamond heat spreader and microchip as is illustrated in Figure 5. 59. The image with an inlet
temperature of -5 < was almost identical to the one of -25 <C with shifting the scale bar by 20 <C.
Another important factor affecting the performance of the micro-jetting channel was the pressure drop.
As is shown in Figure 5. 60, the pressure drop for -25 <C was higher than the one of -5 <C. The difference
between the two pressure drops sharply increased with the increase in velocity. This difference

increased from 0.3 kPa to 39.5 kPa with inlet velocity increase from 0.01 m/s to 0.53 m/s.
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Figure 5. 58 the Tmax on the diamond surface with different inlet velocity and temperature
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Figure 5. 59 Temperature distribution on diamond heat spreader and microchip
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Figure 5. 60 AP of nanofluid with different inlet velocity and temperature
° Performance of reduced graphene oxide nanofluid - heat flux
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Figure 5. 61 Htc and temperature distribution on diamond heat spreader at an inlet velocity of 0.1 m/s

The heat flux applied to the microchip is another important factor affecting the temperature distribution

on the test rig. As is illustrated in Figure 5. 61, with the power increase from 5 W/mm=2o 40 W/mm=2
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the htc distribution clearly showed an increase in htc. This is likely due to the temperature increase in
the nanofluid. The results also showed that the maximum temperature difference across the diamond
heat spreader increased from 0.58 <C to 4.48 <C. The temperature on the diamond surface for heat flux
increase from 0 W/mm=0 40 W/mm=with an inlet temperature of -25 <T is illustrated in Figure 5. 62.
The maximum temperature on the diamond surface, the minimum temperature on the diamond surface
and the average temperature on the diamond increased by 42.86 <C, 38.38 <C and 39.45 <C, respectively.
The results also showed that the trend of the increase was slightly not linear when it compared to the

water.
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Figure 5. 62 Temperature on the diamond surface with heat flux

With the increase of the heat flux from 0 W/mm=to 40 W/mm=2the pressure drop showed a linear
decreasing from 11.15 kPa to 5.24 kPa as is illustrated in Figure 5. 63. This 50 % decrease was mainly
due to the decrease of viscosity with the increase in temperature. In the real application of a microchip
with a heat flux of 40 W/mm=2if the system can provide a pressure drop of 11.15 kPa, due to the decrease
of pressure drop at the same inlet velocity of 0.1 m/s, a higher htc can be obtained via increase the inlet
velocity to obtain the same pressure drop. This is important as the increase of the heat flux need higher
htc to maintain the temperature on the microchip. This can be obtained by an increase of inlet velocity

as an acceptable pressure drop can still be maintained.
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Figure 5. 63 AP of nanofluid with different heat flux
° Dimensionless analysis

A dimensionless analysis of fluid parameter relevant to the heat transfer, for a given micro-jet
impingement channel, suggests that the Nusselt number has a functional dependence as shown in the

following equation:
Nu = CRe™Pr™

The same least square method as is shown in the previous section has been used with the dimensionless
parameter obtained from the simulation. In this study, the heat transfer performance in the laminar flow

with EG+DW and 2.0 wt.% nanofluid was investigated with0.3 < Re < 46 and 100 <Pr <4000.

The EG+DW data were used to fit the correlation given by:
Nu = 0.206Re?393 pr0-426 (5-16)

As is shown in $8iR! K ZIS| HIJE. , the performance of the fit curve agreed quite well with the

experiment by the given correlation. The index of the Reynolds number and Prandtl numbers are close
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to each other. This suggests both factors play a similar influence on the thermal performance of the

jetting channel.

o Summary of the micro-jet channel with DW ethylene glycol+distilled water based nanofluid

The following observations were obtained on work on the rGO/EG+DW nanofluids:

e Compared with the EG+DW base fluid, the rGO nanofluid can have a lower AP for the same
heat transfer coefficient et vice versa. This meant that 2.0 wt. % rGO/EG+DW nanofluid had
better performance than the base fluid.

e The inlet temperature did not significantly change the heat transfer coefficient of the micro-jet
channel. The temperature distribution had a linear shift with respect to the change of the inlet
temperature.

e The heat flux affected the heat transfer coefficient of the micro-jet channel. The reason for that
is likely due to the viscosity decrease with the increase of temperature in the fluids chamber.

The dimensionless analyses suggest that the index of Reynolds number be 0.393 and Prandtl number
be 0.426, indicating that both factors played a similar influence on the thermal performance of the

jetting channel.
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5.3.  Results and discussion 3 - Material selection for the thermal package

Ansys workbench was used to simulate the temperature distribution for the microchips. The simulation
aimed to select suitable materials for the die-attach and heat spreader. Although GaN-on-Diamond was
the final device to be investigated, the die has not yet been fabricated. As a result, commercial GaN-on-
SiC transistors (TriQuint TGF2022-06 and Cree InC CGHV60040D) were used for the experimental

validation. The validated model can then be used confidently for modelling GaN-on-Diamond device.
5.3.1. Assumption and geometry in simulation
Several assumptions were used in the modelling:

e The whole solid modelling domain was ¥ symmetrical in theory. To combine this model with
the microfluidic channel model which was %2 symmetrical, the simulation domain was assumed
to be ¥ symmetrical;

e Convection and the radiation were negligible in the solid modelling domain;

e The bottom surface of the heat spreader was set to be 20 °C with an infinite heat transfer
coefficient - an ideal condition for the cooling;

e The solid materials properties were assumed to be constant and isotropic;

e There was no phase change and/or any chemical reaction in the high temperature.

Figure 5. 64 Geometry of the die simulation

Figure 5. 64. shows the solid modelling domain, mainly the heat spreader, the die and the die-attach.
Their respective models are described in the following.
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1. The die in the simulation

The geometries of a GaN-on-SiC transistor and a GaN-on-Diamond transistor were simplified. The 1-
1.5 pm GaN layer was not simulated in the modelling. Meanwhile, the 40 fingers of the transistor were
represented by a heat flux with an area of 2501800 pwm as is shown in Figure 5. 64. The power applied
on the die was 50 W. The heat flux in the given area was thus 111.11 W/mm=The size of the die was
set to be 1000x2000x100 um. As is shown in Table 5. 8, the thermal resistances for the SiC and diamond
dies were 2.4x107 <T/W and 8.3x10® <T/W, respectively.

2. The die-attach in simulation

The die-attach was used as a thermal interface material (T1M) to connect the die and the heat spreader
as is shown in Figure 5. 64. The size of the die-attach was 1000 x 2000 x 25 um which was close to the
real application on most occasions. As discussed in Chapter 2, there are several types of die-attach
materials including adhesives, solders, and sintered silver etc. To investigate the effect of thermal
conductivity of the TIMs on the temperature distribution, five thermal conductivities representing
different TIMs were chosen, as listed in

Table 5. 9. The low thermal conductivity values of 0.14 W/(m K) and 1.4 W/(m K) were for the epoxy.
The medium thermal conductivity of 14 W/(m K) was for the silver-filled adhesive and solder; whereas
the high thermal conductivity of 140 W/(m K) was for the silver sintered die-attach which was claimed
to have a thermal conductivity over 100 W/(m K) and the ultra-high thermal conductivity of 1200
WI/(m K) was the same as the diamond. With an increase in the thermal conductivity from 0.14 W/(m K)
to 1200 W/(m K), the thermal resistance decreased from 1.8x107* °C/W to 2.1x10°% °C/W.

3. The heat spreader in simulation

Traditionally, the die-attach was pasted with a metal plate such as copper, aluminium etc. before
combining with a microfluidic cooling channel or other types of heat sinks. Since copper has a higher
thermal conductivity than aluminium, it was used as a metal heat spreader in this layer. To increase the
heat transfer in this layer, other materials were also considered in the simulation, e.g. diamond. The size
of the heat spreader was 10 %< 10 >x0.25 mm as shown in Figure 5. 64. The thermal resistances of the
copper heat spreader and the diamond heat spreader were 6.5x107 °C/W and 2.1x107 °C/W,

respectively.
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CHAPTER 5 RESULTS AND DISCUSSIONS

Dimensions
Material
pm
Die 1000>2000x100
Die-attach 1000>2000>5
Heat spreader 10000>10000>50
Heat flux 250x1800
Table 5. 9 Material used in Ansys
k Rin
Material Wi(m K) </W
SiC die 420 2.4E-07
Diamond die 1200 8.3E-08
Diamond heat spreader 1200 2.1E-07
Copper heat spreader 385 6.5E-07
Die-attach-1 (epoxy) 0.14 0.00018
Die-attach-2 (epoxy with Ag particle) 1.4 1.8E-05
Die-attach-3 (Au-Pb solder) 14 1.8E-06
Die-attach-4 (silver paster) 140 1.8E-07
Die-attach-5 (diamond) 1200 2.1E-08
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5.3.2. Temperature difference in different layers of the microchip
° Die layer

Figure 5. 65 illustrates the temperature difference (AT) across the die layer. The x-axis of the thermal
conductivity of die-attach started from 0.14 W/(m K) which is a type of epoxy to 1200 W/(m K) which
is diamond. It can be seen that the diamond die had better performance than SiC chip; the AT for SiC
die was >10 °C higher than that of diamond for a given heat spreader. The reason for this was mainly
due to the high thermal conductivity of the diamond. For the SiC die, an increase in the thermal
conductivity of the die-attach from 0.14 W/(m K) to 1.4 W/(m K) did not give the great increasing trend
of AT in the die. However, with a thermal conductivity increase from 1.4 W/(m K) to 140 W/(m K), a
clear increase was observed. The rate of the increase gradually slowed down with further thermal
conductivity increase from 140 W/(m K) to 1200 W/(m K). The diamond die showed a similar trend.
For thermal conductivity varying from 0.14 W/(m K) to 14 W/(m K), AT reduced by only 0.2 <C. With
a thermal conductivity increase from 14 W/(m K) to 140 W/(m K), AT showed a clear increase. A very

slow increase can be seen when the thermal conductivity increases from 140 W/(m K) to 1200 W/(m K).

® AT in SiC die-diamond heat spreader

* AT in SiC die-copper heat spreader

AT [°C)

AT in diamond die-diamond heat spreader

1 r ® AT in diamond die-copper heat spreader

0 200 400 600 800 1000 1200
» [W/(mK))

Figure 5. 65 AT in the die layer with different die-attach

The diamond heat spreader had a better performance than the copper heat spreader for both types of the

die. The reason is due to the high thermal conductivity of the diamond heat spreader.
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. Die -attach layer

Figure 5. 66 illustrates the AT in the die-attach layer. The results showed that the die-attach greatly
affected the temperature distribution for all kind of die with all kind of heat spreader. With the increase
of thermal conductivity from 0.14 W/(m K) to 140 W/(m K), for diamond dies with diamond heat
spreader, the AT decreased from 4487.8 <C to 9.0 <C. Then it gradually further decreased to 1.292 <C
with the increase of thermal conductivity further to the 1200 W/(m K). It can also be seen that the

maximum temperature difference in the die was over 4450 °C based on the assumption of no phase
change and/or chemical reaction. In reality, the die simply burnt out with this poor thermal management.
Thus, the die-attach material with sintered silver seemed to have good results for the temperature

decrease in the die-attach layer. Further increase of the thermal conductivity for die-attach material did

not show a large decrease of AT in the die-attach layer. This implied that the thermal resistance of the

die-attach layer with thermal conductivity larger than 140 W/(m K) was not the main thermal resistance

for the system
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Figure 5. 66 AT in the die-attach layer with different die-attach

154



CHAPTER 5 RESULTS AND DISCUSSIONS

. Heat spreader layer

Figure 5. 67 illustrates the AT in the heat spreader layer. The results showed that the diamond heat
spreader had better performance than its counterpart. In each different die-attach, the AT in diamond

heat spreader was >10 <C larger than its counterpart for the same die.

Meanwhile, it can be seen that for diamond heat spreader with die-attach’s thermal conductivity increase
form 0.14 W/(m K) to 1.4 W/(m K), the increasing trend of AT in the heat spreader was little. However,
with thermal conductivity increase form 1.4 W/(m K) to 140 W/(m K), it showed an obvious increase.
It can be noticed that for the thermal conductivity increase from 140 W/(m K) to 1200 W/(m K), there
was little AT change for the SiC die with diamond heat spreader while the diamond die with diamond

heat spreader showed just 1.6 <C decrease was obtained.

It can be easily noticed that the copper heat spreader with diamond die showed a similar trend with
diamond heat spreader with diamond die. However, the copper heat spreader with SiC die showed a
different trend with die-attach’s thermal conductivity increase from 140 W/(m K) to 1200 W/(m K),

the AT decreased about 1.1 °C.
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Figure 5. 67 AT in the heat spreader with different die-attach
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The reason for this behaviour might be explained by the thermal resistance change in the whole devices.

According to

Table 5. 9, for the SiC die with copper heat spreader the SiC die had a thermal resistance of
2.4x1077 °C/W and copper heat spreader of 6.5x1077 °C/W. The die-attach with thermal conductivity
of 0.14 W/(m K), 140 W/(m K) and 1200 W/(m K) had the thermal resistance of 1.8x<107 <T/W,

1.8x1077 °C/W and 2.1x107® °C/W, respectively.

The thermal resistance flow path was drawn in Figure 5. 67. The heat was spread and conducted in all
parts of the transistors. With the decrease of thermal resistance in the die-attach, more heat was
conducted via Quie1 and Quicattach1 because this part had a low thermal resistance. Thus, the temperature
differences increased in the die and the die-attach. This can be seen in Figure 5. 68 and Figure 5. 69.
The heat flux at the bottom surface of the SiC die increased from 2.5%107 W/m? to 7.0x107 W/m? with
thermal conductivity increase from 0.14 W/(m K) to 1200 W/(m K). The same mechanism can be used

to explain the increase in temperature difference in the heat spreader.

However, with the thermal resistance further decreasing to 2.1x10-% °C/W, the thermal resistance in the
copper heat spreader became the largest thermal resistance among the SiC die layer, die-attach layer
and copper heat spreader layer. As is shown in Figure 5. 69 and Figure 5. 70, the heat flux in Quieattach1
decreased, as more heat flux chose another path. The interface heat flux of die-attach and copper heat
spreader decreased from 5.59%107 W/m? to 5.37 x107 W/m? with the die-attach thermal conductivity
increase from 140 W/(m K) to 1200 W/(m K). Meanwhile, the heat flux at the bottom surface of copper
heat spreader decreased from 3.48x107 W/m? to 3.34 x10” W/m?2. All this account for the decrease of

the temperature differences for in copper heat spreader for GaN - on - SiC transistors.
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Figure 5. 68 Thermal resistance schematic of the devices with heat spreader
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Figure 5. 70 Heat flux distribution at the back of the die-attach surface with copper heat spreader
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Figure 5. 71 Heat flux distribution at the back of copper heat spreader with SiC die

5.3.3. Maximum temperature on the microchip

It is important to look at the temperature on the die surface. Figure 5. 72 depicts the maximum

temperature on the die with different die materials, heat spreaders and die-attach materials.

It can be observed that the most important factor influencing the die temperature is the die-attach
material. For all die using epoxy as the die-attach material, which has a thermal conductivity of 0.14
W/(m K) to 1.4 W/(m K), the device cannot dissipate the 50 W power. It can be seen that the maximum

temperature of the die can be as high as 4556 °C based on the assumption of no phase change and/or

chemical reaction. In reality, the die simply burnt out due to this type of poor thermal management. The
sintered silver with thermal conductivity of 140 W/(m K) can dissipate the heat flux. The results also
show that the second important factor affecting the maximum temperature in the transistor is the die
material. With the die material changed from SiC to diamond, the maximum temperature in die
decreases by 21.8 <C. The heat spreader also affects the maximum temperature on the die. For the
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diamond die with a die-attach material with thermal conductivity of 140 W/(m K), the maximum

temperature reduces by 11.4 <T when the heat spreader material changes from copper to diamond.
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Figure 5. 72 Maximum temperature on die with different die-attach

5.3.4. Summary of material selection for the thermal package

The simulation of the die devices was done under an ideal condition to understand what sorts of

materials can be used to make die-attach and heat spreader. The following observations are obtained:

o Die-attach material The die-attach material can significantly affect the temperature of the die.
It should be noticed that the traditional die-attach materials such as epoxy with thermal
conductivity of 0.14 W/(m K) - 1.4 W/(m K) and solder with thermal conductivity of 14
W/(m K) cannot dissipate the required power of 50W for any types of dies. The silver sintered
die-attach has a thermal conductivity of 140 W/(m K) and can dissipate the heat flux. The
results also show that although a further increase of the thermal conductivity of die-attach from

140 W/(m K) to 1200 W/(m K) can decrease the temperature in die-attach, it is just around 10
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<C, the enhancement is not so apparent. The silver sintered die-attach was therefore used as the
die-attach material.

Die material The die-attach material is the second most important fact affecting the die
temperature. Changing die material from SiC to diamond, the maximum temperature can
decrease by 21.8 <C. This type of die is still in the developing stage, however, the commercial
GaN-on-SiC devices were used in the experiment.

Heat spreader The heat spreader affects the temperature on the die. The temperature on the
copper heat spreader is 11.4 <C higher than the diamond heat spreader. The results show that
the copper heat spreader could dissipate the 50 W power on the die with appropriate die-attach
material. However, the diamond seems to be a better choice if the power of the die is going to

further increase. Thus, the diamond heat spreader was chosen for the experiment.
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5.4. Results and discussion 4 - Performance of Gallium Nitride

transistors

Previous sections in this chapter have discussed the influences of different factors, including heat
transfer fluids, the die-attach material, the die material, the spreader material and the micro-jet
impingement channels, on the thermal management of the GaN transistors. One of the most important
objectives for the PhD project is to find sets of conditions which can maintain the maximum temperature
of the die below 200 <C. It is therefore important to model and experimentally measure the maximum

temperature on the GaN transistor. This section presents the results of this set of studies.
5.4.1. Experiment and validation with simulation
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Figure 5. 73 Temperature with the power density
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The maximum device temperature as a function of dissipated power density for the transistors via
Raman thermography measurement is shown in Figure 5. 73. The measured temperature on the diamond
heat spreader shows a 12.9 <C rise when the power density increases to 6 W/mm. Meanwhile, with a
30 W power applied on the devices, the maximum temperature in the fingers is around 140.57 <C,
leading to a 118.57 <C temperature rise. These results also show that the peak temperature in the finger
and the temperature on the diamond heat spreader increase in a linear fashion with increasing power
density. This implies that the heat transfer coefficient of the fluid does not significantly change with the

change in the power density.

In order to obtain the maximum temperature in the transistors, a 3D model was developed. The model
was validated by the experimental results. The modelling was conducted using an ANSYS Steady-state
thermal tool. As is illustrated in Figure 5. 74 (a), in the experiments, because of a spare die attaching to
the diamond heat spreader, the working die was not in the centre of the diamond heat spreader. Its
dimension for the offset is shown in Figure 5. 74 (b). The vertical distance to the centre was 650 um
and the horizontal offset was 1250 um. As the location of the large heat transfer coefficient area was in
the centre of the diamond heat spreader, simulations with die in the centre were also done to compare

with its counterpart.

In the simulations, an output power of 30 W that was the same as the experimental condition was used
for the heat flux in the GaN transistor. The bottom surface of the diamond heat spreader was applied
with a convection condition. The heat transfer coefficient distribution for the convectional heat transfer
condition which was calculated by the ANSYS fluent model for water and 2.0 wt. % of rGO nanofluids
were given in the previous section. The reference temperature was set 20 °C that was the same as the

measured value in the experiment.

In the simulations, the thermal conductivity of some materials was assumed to be constant as is shown
in Table 5. 10. The thermal conductivity of the diamond, SiC, AIN and GaN that was dependent with
the temperature as is shown in Figure 5. 75. The validation of the simulation and the experiment is

shown in
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Table 5. 11. The temperature in the 10th the finger and the edge of the die, which was measured by

Raman and K type thermocouple, showed good agreement with the simulation results.
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Figure 5. 74 (a) Experimental location of the die;(b) simulation with die non-centre (c) simulation with die in the centre
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Figure 5. 75 Thermal conductivity of different materials with temperature in simulation

Table 5. 10 Thermal conductivity of different materials in the simulation

Material k
W/(m-K)
AlGaN 10
Al 210
Die attach 50
Flange TIM 3
Gold 315
SiN 3

Table 5. 11 Experimental temperature and simulation temperature

maximum T Diamond 10 finger Raman
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°C °C °C
Experiment results N 34+1.5 14145
Simulation model 187.01 31.62 138.00

5.4.2. Temperature in Gallium Nitride transistors with deionised water

The temperature distribution and its profile were shown in Figure 5. 76. With the 30 W power applied
on the die, the maximum temperature according to the Raman measurement is 141 = 5 °C in the 10th
finger. In the simulation, using the same average method, this temperature is 138 °C. The temperature

difference between the simulation and the experiment was less than 5 °C.

The temperature distribution for the finger layer is illustrated in Figure 5. 76 (a) and Figure 5. 76 (e).
According to the simulation, the maximum temperature in the finger layer was 187.01 °C located in the
centre of the die which is assigned as the gate 10. The temperature at the rim of the devices was 49.5 °C
and it sharply increased to 157.31 °C (107.91 °C temperature difference) for the finger 1. However, the
temperature gradually increased from finger 1 to finger 10 with the peak temperature difference of
29.60 °C. It seems to indicate that the major heat flux was concentrated in the finger area. It did not
spread to the whole area in the devices. It can also be obtained that the temperature showed a quarter

symmetric for the finger layer.

The temperature distribution on the top SiC layer that was about 1.5 pm away from the finger layer as
illustrated in Figure 5. 76 (b) and Figure 5. 76 (e). The peak temperature distribution still was observed
in this layer. The Maximum temperature in this layer was 126.57 °C that was 60.44 °C lower than the
maximum peak temperature in the finger. The sharp decrease was because of the high thermal resistance
in the AlGaN layer that acted as the thermal resistance. However, the peak temperature difference in
this layer was 25.72 °C that was only 3.88 °C lower than its counterpart in the finger layer which might
suggest the heat flux distribution did not significantly change through the GaN layer and the AlGaN
layer. It should be pointed out that the temperature in this layer still showed the symmetric distribution.
Both symmetric temperature distribution suggested that the asymmetric of the heat transfer coefficient

did not significantly affect the heat flux distribution in the GaN layer.
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The temperature distribution on the bottom SiC layer was illustrated in Figure 5. 76 (c) and Figure 5.
76 (e). The maximum temperature in the bottom of the SiC layer was 93.21 °C that is 35.36 °C lower
than the maximum temperature on the top of the SiC layer. The results also showed that no obvious
peak temperature could be observed in this layer. The reason for this might be that the high thermal
conductivity of the SiC layer efficiently spread the heat flux. Thus, the inhomogeneous heat flux was

evened. In this layer, the temperature distribution showed slightly asymmetric.

The temperature distribution in the top of diamond heat spreader was illustrated in Figure 5. 76 (d) and
Figure 5. 76 (e). The maximum temperature in this layer was 49.23°C that was 43.28 °C lower than the
top surface of the die-attach layer. The asymmetric temperature was observed. The peak temperature in
this layer suggests that even diamond with high thermal conductivity cannot even the heterogeneous
heat flux. Thus, the localised high heat transfer coefficient was suitable for thermal management of

GaN transistors.
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Figure 5. 76 Temperature distribution (a) in fingers (0 um); (b) bottom of the AlGaN layer (1.5 pm); (c) bottom of the SiC
layer (101.5 pm), (d) bottom of the silver sintered die-attach layer and () cross-sectional temperature profile for the different

layers with the inlet velocity of 0.53 m/s and inlet temperature of 20.0 <
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5.4.3. Thermal performance of Gallium Nitride transistors

o Inlet velocity
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Figure 5. 77 Temperature contour plot of the finger layer with (a) 0.53 m/s; (b) 1 m/s ;(c) 2 m/s and (d) 3m/s)

With the increase of the inlet velocity, the heat transfer coefficient increased. Thus, the temperature in
the whole devices decreased. Figure 5. 77 showed the temperature in the finger layer with a velocity
increase from 0.53 m/s to 3 m/s. The maximum temperature in the finger was 187.01 °C, 178.82 °C,
173.17 °C and 170.87 °C for the velocity of 0.53 m/s, 1 m/s, 2 m/s and 3 m/s respectively. The
temperature difference decrease of 16.14 °C was achieved from 0.53 m/s to 3 m/s. The temperature
difference was 8.19 °C, 5.61 °C and 2.30 °C for the velocity change from 0.53 m/s to 1 m/s, 1 m/s to
2m/s and 2 m/s to 3 m/respectively. The decrease of the temperature difference with the same velocity
difference suggested that the increase of the heat transfer coefficient in the micro-jet impingement
channel part did not significantly change the maximum temperature in the die. The reason for this will

be explained by the thermal resistance in the following section.

. Location of the die

Due to the location of high heat transfer coefficient in the centre of the bottom surface of the diamond
heat spreader, the maximum temperature of the die located in the centre of the diamond heat spreader
was lower than the die off the centre as is illustrated in Figure 5. 78. The results showed that the
temperature difference between different locations decreased with the increase of the inlet velocity. The
temperature difference in 0.53 m/s was 4.86 °C, it decreased to 2.25 °C when the velocity increased to

3.00 m/s.
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Figure 5. 78 Maximum temperature in the die with die in different locations
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Figure 5. 79 Heat flux of device with Vin=0.53 m/s (a) bottom surface of die non-centre (b) bottom surface of die centre (c)
bottom surface of diamond heat spreader non-centre (d) bottom surface of diamond heat spreader centre; with Vin= 3.00 m/s
(e) bottom surface of die non-centre(f) bottom surface of die centre (g) bottom surface of diamond heat spreader non-centre

(h) bottom surface of diamond heat spreader centre
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The reason for the decreasing trend was mainly due to the heat flux distribution and the dependence of
the thermal conductivity with the temperature in the die and the micro-jet impingement channel. With
the inlet velocity of 0.53 m/s, the maximum heat flux at the bottom of the die with its position off centre
and in the centre were 9.323x107 W/m? and 9.285x107 W/m? respectively, as is illustrated Figure 5. 79
(@) and Figure 5. 79 (b). While with the velocity of 3.00 m/s, the maximum heat flux at the bottom of
the die with its position off centre and in the centre were 9.242x10” W/m? and 9.219x10” W/m?
respectively as is illustrated Figure 5. 79 (e) and Figure 5. 79 (f). The heat flux for the former was
380,000 W/m=and the later was 230,000 W/m=Meanwhile, due to the lower temperature of the die
with higher inlet velocity, the material’s thermal conductivity (such as GaN and SiC) in the die was
higher than the one with lower inlet velocity. Thus, the temperature difference of the die off-centre and

in-centre with low inlet velocity in the die layer was higher than the one with high inlet velocity.

The similar explain can also be observed in the micro-jet impingement channel. With the velocity of
0.53 m/s, the maximum heat flux at the bottom of the die with its position off centre and in the centre
were 1.1642x10” W/m? and 9.9011x10° W/m? respectively, as is illustrated Figure 5. 79 (c) and Figure
5. 79 (d). While with the velocity of 3.00 m/s, the maximum heat flux at the bottom of the die with its
position off centre and in the centre were 1.0034x10” W/m? and 9.0921x10° W/m? respectively as is
illustrated Figure 5. 79 (g) and Figure 5. 79 (h). The heat flux for the former is 1,740,900 W/m=and the
latter is 941,900 W/m=2Meanwhile, due to the lower temperature for the die with a higher heat transfer
coefficient, the lower temperature can be obtained with the same heat flux. Thus, the temperature
difference of the die off-centre and in-centre with low inlet velocity in the die layer was higher than the

one with high inlet velocity.

. reduced graphene oxide nanofluid

As was discussed in the previous chapter, with ambient temperature as low as -50 °C, the rGO/EG+DW
nanofluids showed better performance than its base fluid. So in the simulation, the results from the 2.0
wt.% rGO/EG+DW nanofluids in the previous chapter were used for boundary condition in the

simulation. In the simulation, the inlet temperature for 2.0 wt.% rGO/EG+DW nanofluids was set as -
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45 °C to simulate the low ambient temperature. The inlet velocities for the simulations were 0.20 m/s

and 0.53 m/. The locations of the die were also in-centre and off centre.
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Figure 5. 80 Temperature of the packaged die with different velocity

As is shown in Figure 5. 80, the maximum temperature for the die with the velocity of 0.20 m/s was
193.00 °C and 189.25 °C for the non-centre and in-centre die, respectively. With the velocity increase
to the 0.53 m/s, the maximum temperature die decreased to 171.94 °C and 168.31°C for the non-centre
and in-centre die, respectively. The temperature differences for the non-centre die and in-centre die
were 3.98 °C and 3.63 °C for the velocity of 0.20 m/s and 0.53 m/s respectively. The trend for the
decrease in temperature difference with the velocity increase was the same as the explained one in

Section 5.4.4.

The reason for the temperature difference in the same location of the die with different inlet velocity
was mainly due to the temperature decrease in the micro-jet impingement channel. The maximum
temperature in the micro-jet impairment channel with the velocity of 0.53 m/s that was the same as the

maximum temperature in the bottom of the diamond heat spreader was 47.57 °C and 44.88 °C, which
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was 16.27 °C and 16.08 °C lower than the inlet velocity of 0.20 m/s, for the non-centre and in-centre

die respectively.

5.4.4. Thermal resistance of Gallium Nitride transistors

. Deionised water

Thermal resistance for the system analysis [241] was done to predict the thermal resistance in the device
part and channel part as is shown in Figure 5. 81. The device resistance contains resistance in the
transistors layer, die-attach layer and diamond heat spreader layer. The Equ.1 and Equ.2 show how to

calculate the thermal resistance in the device part and channel part.

Rth_device = Rth_die + Rthdie—attach + Rth_diamond (5'17)
Rth_die — ATlsiie — Tmax ,die_TnILJax _die—attach (5-18)
Rth_die—attach — ATdie;)at:tach — Tmax _die—attaci]zj_Tmax _diamond (5_19)
Rth_diamond — ATdir;mond — Tmax ,diamond_PTmax _interface (5_20)

T . -T
_ ATgpig _ "max _interface= T
Rin_channel = e > (5-21)

Where Ryp_gevices Ren_aier Ren_die-attach Ren_aiamonds aNd Ren_channer 15 the thermal resistance in
the device part, the thermal resistance in the die, the thermal resistance in the die-attach, the thermal
resistance in the diamond and the thermal resistance in the micro-jet channel respectively. ATy,
ATgie—attach ATaiamona aNd ATsyy,;4, 1S the temperature difference in the die, die-attach, diamond heat
spreader and the micro-jet channel, respectively. Tyyax gie s Tmax die—attachs Imax diamona and
Trmax _interface 1S the maximum temperature in the die, the maximum temperature in the die-attach, the
maximum temperature in the diamond heat spreader and the maximum temperature in the interface of
the fluid and diamond heat spreader, respectively. T,, is the reference temperature which is 20 °C. P is

the power applied to the transistors.
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Figure 5. 81 Schematic diagram of the thermal resistance for the thermal packaging
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As is shown in Figure 5. 82, Figure 5. 83 (a), (b) and (d), the thermal resistance in the die, die-attach,
diamond and micro-jet channel was 3.13 °C/W, 1.14 °C/W, 0.33 °C/W and 0.97 °C/W, respectively for
the inlet velocity of 0.53 m/s. With the inlet velocity of 0.53 m/s, the thermal resistance in the diamond
heat spreader accounts for the 6 % of total thermal resistance. It cannot be neglected although it has a
high thermal conductivity. The thermal resistance in the micro-jet channel, the die-attach and die were

3.0 times, 3.3 times, and 9.3 times, respectively, larger than the thermal resistance in the diamond heat

spreader.

2.5
V [m/s]

Figure 5. 82 Thermal resistance with the inlet velocity
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Figure 5. 83 (a) Thermal resistance with different velocity and location;0.53 m/s (b) non-centre (c) in-centre;3.00 m/s

(d)non-centre,(e) in-centre for deionised water

Asis illustrated in Figure 5. 82, the thermal resistance in the micro-jet channel gradually decreased with
the increase of the inlet velocity. The thermal resistance in the die also decreased with the inlet velocity.
This is due to the temperature dependence of the thermal properties of the material in the die. With the
inlet velocity increased to 3.00 m/s, the thermal resistance for the die, die-attach, diamond and micro-
jet channel decreased to 3.01 °C/W, 1.13 °C/W, 0.33 °C/W and 0.57 °C/W respectively. However, the
thermal resistance in the diamond heat spreader barely changed. Besides, the thermal resistance in the
micro-jet channel, the die-attach and die was 1.75 times, 3.14 times and 8.57 times, respectively larger

than the diamond heat spreader. It can be observed that the thermal resistance in the micro-jet channel
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was a minor factor. With a velocity of 0.53 m/s, 18 % of the total thermal resistance was in the micro-

jet channel. Moreover, this value slight decreased to 11 % with the velocity increasing to 3.00 m/s.

However, over 80 % of the thermal resistance was in the device part (adding the thermal resistance in
the die, the die-attach and the diamond heat spreader). Thus, to decrease the thermal resistance in the
device part, such as the decrease of the thickness of the die-attach, the increase of thermal conductivity
in the die-attach layer and using diamond instead of SiC as the substrate for the transistors, has

significant influence in optimising the thermal performance of the system.

The trend of the decrease of thermal resistance difference for die in a different location agreed with the
decreasing trend in the temperature difference for die in a different location. The total thermal resistance
for the die in the centre was 5.57 °C/W and 5.03 °C/W with the inlet velocity of 0.53 m/s and 3.00 m/s,
respectively which was 0.16 °C/W and 0.08 °C/W higher than the total thermal resistance for the die
non-centre with the inlet velocity of 0.53 m/s and 3.00 m/s, respectively. The thermal resistance in the
diamond heat spreader was slightly higher for the in-centre die than the non-centre die which suggested

centring the die increased the heat flux through the diamond heat spreader.

° Reduced graphene oxide nanofluid

The thermal resistance analysis of the device with the 2.0 wt. % rGO nanofluid as the heat transfer fluid
showed the similarity with the water as the heat transfer fluid. However, there are some unique

differences for the packaged die applied in the low temperature.

As is shown in Figure 5. 84, the thermal resistance for the devices, the die-attach and the diamond heat
spreader with rGO nanofluids were similar to the ones with water. However, the thermal resistance in
the micro-jet channel was one of the major thermal resistance for the whole system with rGO nanofluids.
With an inlet velocity of 0.20 m/s, 40% of the total thermal resistance was in the die layer and 41% to
42% total thermal resistance was in the micro-jet channel. With the inlet velocity increase to 0.53 m/s,
38% total thermal resistance was in the micro-jet layer. This suggested the value of the thermal
resistance the micro-jet channel and thermal resistance in die was similar to each other. To further

decrease the thermal resistance, action needs to be taken form either the die or the micro-jet channel.
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The total thermal resistance difference with in-centre die and non-centre die decreased with the increase
of the inlet velocity. Meanwhile, the thermal resistance in the diamond heat spreader was slightly higher

for in the centre which shows around 2 % difference. Those trends were similar to their counterpart.
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Figure 5. 84 Thermal resistance of the micro-jet with inlet velocity of (a) 0.20 m/s (d) 0.53m/s for rGO nanofluids

5.4.5. Summary of thermal performance of Gallium Nitride transistors

The thermal package prototype for GaN transistors with 3D printed micro-jet impingement cooling
channel is presented in this Section. The fabricating process flow is given. The Raman thermography
tests show the feasibility of this approach. Meanwhile, a numerical model is built and validated with
the experimental results, which can then predict the thermal performance of the fabricated thermal

package that is difficult to measure experimentally.
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According to the experiment results, with an inlet flow rate of 0.1 L/min, the measured maximum
temperature in the finger of GaN transistors was 141 <C with the applied power of 30 W. The simulation

result was close to the experiment results.

For the room temperature cases, (1) with the inlet temperature set as 20 <C and 30 W power applied on
the die, The simulation results suggested the maximum temperature in the device was 187.01 T with
an inlet velocity of 0.53 m/s. The maximum temperature in the die decreases to the 170.87 T with the
inlet velocity increase to 3.00 m/s. (2) Due to the high thermal contact resistance between the GaN layer
and the SiC layer, the sharp temperature decrease was observed in the first 1.5 um in the SiC layer. (3)
In the studied case, with the inlet velocity of 0.53 m/s, the thermal resistance in the micro-jet was 17%
of total thermal resistance. This meant the micro-jet channel was not the main factor for the temperature
optimization. To further decrease the maximum temperature in the die, GaN-on-SiC can be changed to
the GaN-on-diamond to reduce the thermal resistance in the die. The thermal conductivity of the sliver
sintered die-attach material was around 50 W/(m=<C) which was less than half of claimed value by the
manufacture. Thus, the thermal resistance was around 3.3 times higher than the thermal resistance in
the diamond heat spreader. The new die-attach material with better thermal conductivity is useful to

further decrease the thermal resistance in this layer.

One of the easiest ways to decrease the maximum temperature in the die is to change the location of the
die on the diamond heat spreader. In-centre die and non-centre die showed an obvious difference in the
temperature distribution with both DI water and rGO nanofluids as heat transfer fluids. This suggests
for the thermal package, it is important to place the die in the area where the heat transfer coefficient is
largest. In the simulation, a maximum of 0.16 °C/W can be obtained for total thermal resistance by

locating the die in the centre of the micro-jet channel.

For the low-temperature cases, (1) with the inlet temperature set as -45 <C and 30 W power applied on
the die, in order to maintain the maximum temperature in die below 200 <C, the inlet velocity should
be larger than 2.0 m/s. (2) in the studied cases, the thermal resistances in the die and the channel were
almost the same and they account for about 80% of the total thermal resistance. Thus to further decrease

the maximum temperature in the die, the action can be taken either on the die or the micro-jet channel.
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6. Conclusions and recommendations for future work

This PhD project aims to investigate the potential of maintaining a low temperature at the back of GaN-
on-Diamond microchip. The main challenge for the objective is the high-power density on the GaN
layer of the devices. To obtain the aim, the objective has divided into 3 tasks. TM with novel HTFs,

microfluidic channels and thermal packaging of the devices with the microfluidic channels.

6.1. Conclusions

e Nanofluids

One method TM is using novel nanofluids. Nanofluids as a novel heat transfer fluids fabricated via
mixing metallic, metallic oxide, ceramic, carbon-based material etc. which have high thermal
conductivity into base fluids such as water, oil, glycol etc. offers, according to the literature, a possible
thermal performance enhancement, as nanoparticles in the base fluids affect the fluids flow and heat
transfer mechanism. However, a balance for the application of the nanofluids needs to be considered as
dispersing nanoparticles into the nanofluids can positively and negatively amend the thermophysical
properties of the base fluids in the investigation. In the studied cases, the increase of the effective
thermal conductivity for the dispersion is a good enhancement while the increase of the apparent
viscosity of the mixture increases the pressure drop in the whole flow channel. During the real

application, both effects need to be considered before the selection of heat transfer fluids.
e Material selection for the microchip

The important part in the selection of material on the microchips also greatly affects the temperature
distribution especially the microchip. The die attach combining the die and the micro jetting channel
shows a high influence on this distribution in the die due to the high local heat flux. The other part is to

choose the diamond as the heat spreader for the GaN transistors due to its high thermal conductivity.
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The thermal management suggests the importance of the material selection for the transistors. The
thermal package of the devices needs to attach the die to the heat spreader. In the simulation results, the

die-attach material plays an important part in the temperature distribution in the whole devices.

Performance of the microfluidic channel

Another method for thermal management is to choose a suitable microfluidic channel for the microchips.
The micro-jetting compared with other different types of microfluidic such as microchannel; copper-
foam-based channel etc. has high and localized heat transfer coefficient which is as well as the pressure
drop for one-phase flow. This highly localised heat flux can match the heat flux distribution at the back
of the die. Those advantages make the micro-jetting channel a good choice for single-phase liquid

cooling.

e Thermal performance of the GaN-based microchips

The most important aims for this project is to maintain the temperature in the fingers lower than 200 <C.
Thus, the direct measurement of the temperature with Raman thermography was done. The Raman
thermography was applied due to its high resolution. The experiment test suggests that with the target
power density of 5 W/mm, the peak temperature in the devices was 120 <T far below 200 <C. The
thermal resistance for the jetting channel was 19.76 < mm/W. The device used in the experiment in
GaN-on-SiC. For the GaN-on-Diamond, a higher power density can be obtained. To investigate the
temperature distribution in the packaged GaN microchips, a model with detailed die structure with fine

mesh was build to match the resolution of the micro-Raman measurement.

It could be concluded that for the thermal management of the GaN transistors, the nanofluids, material
selection for the devices thermal package and micro-jet channel all play important roles once the
specific GaN transistors are selected. The methodology was to decrease the thermal resistance in all 4

parts, especially the part with the largest thermal resistance.
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6.2. Recommendations for future work

Based on the work of this PhD study, the following work is recommended for future research;

o Novel heat transfer fluids with high thermal properties

As for the novel heat transfer fluids, it is possible to select other types of nanofluids (different
nanoparticle and/or fabrication methods) with higher performance as there is still no theory for the

limitation of the thermal properties enhancement.

e Materials used for the thermal package of the microchip

As for the thermal package, to find a die attach material with higher thermal conductivity and/or direct
combine the devices with the microfluidic channels can further decrease the thermal resistance in the

thermal package process.

o Microfluidic channel optimisation

As for the micro-jet channel, the micro-jet orifices array diameter could be further decreased with micro

stereolithography apparatus. The channel can be still further optimized for the low-pressure drop.

e Thermal performance of GaN-on-Diamond microchip

The GaN-on-diamond microchip for this project is still in the design and fabrication process. It, in
theory, would have lower thermal resistance than the GaN-on-SiC microchip. To evaluate its
performance, the Raman thermography for the measurement of GaN-on-Diamond devices needs to be

done.
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Appendix A

SST k-o transition model

The transport equations for SST k — w model are displayed as:

2 (pk) + 7 - (pk#) = V- (I Vk) + G — Vi + Si (1)
2 (pw) + V- (pwP) = V- (I,,Vw) + Gy, — ¥,y + D, + S, @)

In these equations, G, represents the generation of turbulence kinetic energy due to mean velocity
gradients. G, represents the generation of w, I}, and I, represent the effective diffusivity of k and o,
respectively. Y, and Y,, represent the dissipation of k and ® due to turbulence. D,, represents the cross-

diffusion term, calculated as described below. S and S, are user-defined source terms.

The effective diffusivities for the SST k- model are given by:

Le=u+t (3)
lo=p+t (4)
Where g, and g, are the turbulent Prandtl numbers for k and o, respectively.

The turbulence y; is calculated as:

pk 1
e = G a5 (%)
a’aqw
1
Ok (6)

F1/01+(1-F;) /0

T - (7)

F1/0w1+(1-F1)/0w2

Where S is the strain rate magnitude.
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F, = tanh (®})

vk 500;4) 4pk 1

@, = min max(
1 [ 0.090y’ py2w/’ a4, 2D5y?

1 1 0k dw
+ _1 10k 0w ;,-10
D = max [2p Gus @ 9%, 9%, 107]

F, = tanh (®3)

vk soou)

D, = max (2 ,
0.09wy’ py2w

The turbulence production for the SST k-& model is given by:
S, = min (G, 10pB* wk)
%=%@

Xy = Flaoo‘1+(1 - Fl)aoo'z

The turbulence dissipation for the SST k-® model is given by:
Y, = pBkw

Y, = pBw?

Bi = FiBia + (1 = F1)Bi2

The cross-diffusion modification is defined as:

ok dw
D, = 2(1 - Fl)po_w,z a_x]a_x]

The transport equation for the intermittency vy is defined as:
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a(py) , 9(pUj) _
at + ox;

The transition sources are defined as follows:
Pyl = CalFlengthpS[yFonset]Cy3

Eyl = Celpyly

P
=Py —Ey1 + Py —Ep +a_xj[(“+

ﬂ)a_”
Gy ax]

]
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(23)

(24)

(25)

Where S is the strain rate magnitude, Fiengtn iS an empirical correlation that controls the length of the

transition region, and Cal and Cel hold the values of 2 and 1,

destruction/relaminarization sources are defined as follows:

Pyz = Ca202Frurp

Ey2 = CeZPyZV

respectively. The

(26)

(@7)

Where Q is the vorticity magnitude, the transition onset is controlled by the following functions:

2
N
Re, = 2

_ Pk
T = e

Rey
2.193Reg,

Fonset1 =

Fonset2 = min (max(Fonsetl: F:nsetl) ,2.0)

R 2
Fonsers = max (1 — (ﬁ) ,0)

Fonser = max (Fonsetrz — Fonsets 0)
— R_T)4

Foyrp =€ "4

Appendix B

Hot-wire theory
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The theory for the thermal conductivity with the hot-wire method can be described as following;

oT 9°T

Fe =ar P (35)
k

ar =22 (36)

The analytical solution for this equation is

T—Ty=—L E (- (37)

4k 4art

Where Ei is exponential integral,

2 3

X X

X

Ei—y+lnx—m+2><2!—ﬁ (38)
With y=0.5772 as Euler-Mascheroni constant

2
Whent > % , the solution can have an approximation

T

_ . qa 4artT

T—Ty=—-(n—730) (39)

riy

The system uses an extremely small amount of the heat flux. The system calculates the actual energy

input for each point of measurement of the temperature profile

k=9 T (40)

T An(T-Ty) T,
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IR camera theory

The principles applied for IR camera are Planck’s law, Stefan-Boltzmann law, Kirchhoff's law of

thermal radiation, and Wien’s displacement law. They will be explained in the following;

Planck’s law of black body shows the spectral density of the radiation emitted by a black body in

thermal equilibrium at a given temperature T. The equation is as flow;

2mhc? 1
B,(v,T) = K6 ehc/(RkpD_q (41)

Where c is the speed of the light,
h is Planck constant,
kg is the Boltzmann constant, k is the wavelength.
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Figure 1 Blackbody Radiation Spectrum from Planck's law and Wien’s displacement law
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According to the Wien’s displacement law, the back-body spectral density of the radiation with
wavelength for different temperature peals at a different wavelength that is inversely proportional to the
temperature as is illustrated in Figure 1. The material at room temperature or slightly higher than room
temperature will give off the major radiation as the infrared light This is the main reason for the IR

camera to set its spectral range from 7.5 pm to 14 um.

The expression of the Wien’s displacement law is;

b
Kmax = T (42)

Where b is 2.898><10° m K.

Stefan-Boltzmann law as is shown below provides the relationship between the power radiated from a

grey body and its temperature emissivity and surface area;
E = AeoT* (43)

Where A is the surface area of the grey body, ¢ is the emissivity of the grey body, T is the temperature

of the body, o is the Stefan-Boltzmann constant, and E is the radiation power.

Kirchhoff's law of thermal radiation states that for an arbitrary body emitting and absorbing thermal

radiation in thermodynamic equilibrium, the emissivity is equal to the absorptivity.
A = & (44)
Appendix D

Raman thermography

As is illustrated in Figure 2, scattering, absorption reflection and transmission are the common
interactions for the light interacting with matter. As is pictured in Figure 3, there are two types of
mechanism for the scattering. The domain mechanism for the light goes through a transparent material
is the Rayleigh or elastic scattering. This type of scattering does not change the energy of the photon.
Therefore, the wavelength of the light remains the same. In Rayleigh scattering, the electron cloud is

polarized when a photon interacts with a molecule. Thus, it raises to virtual states. In a short-lived time,
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the molecule drops back down to the ground vibrational state with a photon released from any direction
which results. Since the initial state and the final state for the molecule do not change, the wavelength

for the scattered light is the same as the interacted light.

Reflection
Scattering Absorption
Transmission

Figure 2 Schematic diagram of light interacting with matter

Virtual state

Energy

Excited vibrational state ———

Ground Vibrational state

Rayleigh Raman Stokes Raman Anti-Stokes
Scattering Scattering Scattering

Figure 3 Schematic diagram for Rayleigh scattering, Raman Stokes scattering and Raman anti-stokes scattering

The other type of scattering is known as Raman scattering that was discovered by C.V. Raman in 1928.
Since then it was applied to much important technology and Raman spectroscopy shows one of the
greatest importance among them. Raman scattering is inelastic. During this type of scattering process,
the photons gain or lose the energy. Therefore, the wavelength of the scattering light decreases or
increases, respectively. If molecules start with the ground vibration state and end with the excited
vibrational state, the wavelength of the scattering light is longer due to the energy lost in the process.
This is called Raman Stokes scattering. If molecules begin from the excited vibrational state and go to
the ground vibrational state during the scattering, the wavelength of the scattering light is shorter as the

scattered phonon gains more energy. This is called Raman anti-Stokes scattering. Approximately one
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in 107 scattered photons undergo the Raman Stokes scattering. The amount of the Raman anti-Stokes

scattering is less than its counterpart due to the majority of the molecules is in the ground states.
The Raman spectrum

Raman shift is defined as the difference in the inverse wavelength of incident light and scattering light,

as is shown;

Wavelength = ki - (45)

1
o Kk
Where, k, is the wavelength of the incident light, k is the wavelength of the scattered light.

The light dispersed in the spectrometer is captured by a CCD for most Raman spectroscopy systems.
The CCD can convert the intensity of the light into the electrical signal and computer software is used
to plot the Raman shift and counts as is illustrated in Figure 4. The software then applies a VVoigt profile
to locate the centre of the peak position. Many factors affect the precision of the Raman peak position,

such as the CCD pixel size, the spectrometer optical characteristics and intensity of Raman shift.

In the plot for GaN-on-SiC, three peaks can be found with the Raman shift from 500 cm™ to 850 cm™.
The peak position with centroids are at 568 cm™, 736 cm™ and 777 cm™ for GaN E; (high), GaN A;

(LO) and SiC FTO respectively.
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Raman shift (cm™)

Figure 4 Raman spectrum of GaN on the SiC die

Temperature measurement
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The phonon energy (Raman shift) can be used for the temperature measurement. The total change in
the phonon energy (Aw) can be divided into two main parts: (1) the change of lattice temperature for

the bulk strain material (Awr) and the change due to the mechanical strain (Awy).
Aw = Awt + Awg (46)

The most commonly used and simplest method for Raman thermography measurement is to use an

empirical formula to fit the Raman shift with the temperature:

Aw = Wo — (B%)_l (47)

e kgT

Where A and B are fitting coefficient which is unique to each phonon and material, w, is the phonon

frequency at T=0 K, # is the reduced Planck’s constant and kg is the Boltzmann constant.

In order to have the most accurate measured temperature, it is necessary to separate the temperature and
stress influence on the phonon shift. The strain and temperature coefficient for the GaN material is
given in Table 1. Compared to the E2 mode, A is less sensitive to the stress with respect to temperature.
It should be pointed out that it is not necessary to use the complex analysis for all the experiments. In
most cases, the sufficient accuracy of temperature with the simplified method for analyzing the A; mode

for GaN material.

A

Aw = wg — —gr— + Awg (48)
eliea?)_;
Table 1 GaN phonon strain and temperature coefficients
Phonon mode Deformation potentials T. dependence dw/dT @ 25 °C
cm™*/GPa 102 cmY/<T
E2 (high) 241 0.87
Al(LO) 1.91 2.3

In the given temperature range, a more simplified mode is to use the linear fitting curve of the Raman

peak shift with the temperature.
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Aw = A(T, — Tp) + wg (49)

Another possibility for the Raman thermography is to analyze the intensity of the Raman peaks. The

temperature can be obtained via the intensity of Stokes I and Anti-stokes [, Raman peaks,

II_S — (li(_S)él-eh(o/KBT (50)
AS AS

Where kg and kg are the wavelength of the Stokes and Anti-stokes scattering light, respectively. The
material such as GaAS and InP with low phonon energy is easier for this analyzation than the material
with high phonon energy such as GaN, SiC and diamond. As the device used in the experiment are

mainly made of GaN, SiC and diamond, this method is not used.
Spatial Resolution

The Raman thermography measurement, the lateral spatial resolution and axial resolution need to be
considered due to the laser-based microscopy measurement. In the measurement of temperature on GaN

with 488 nm laser wavelength,

The lateral resolution is given as:

051K
Tateral = —ya (51)

Where 1y,terar 1S the lateral resolution and NA is the numerical aperture which is 0.6 in the measurement.

The axial resolution is given as:

1
Faxial = S (52)

04

Where a is the absorption coefficient GaN.
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Appendix E

Dynamic Light Scattering

Dynamic Light Scattering (DLS) can be used to indirectly measure the particle size in the solvent. The
Brownian motion measured in the DLS relates to the size of particles as is shown in Figure 5. The velocity

of the Brownian motion is defined as the translational diffusion coefficient.

This value in one solvent at a constant temperature is determined by the size of the particle. The smaller
the particle, the quicker the Brownian motion will be, et vice versa. The size of the particle calculated

via the Stokes-Einstein equation is defined as the hydrodynamic diameter.

d(H) = 3% (53)

Where: d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient, k is Boltzmann’s

constant, T is the absolute temperature and p is the viscosity.

Due to the size refers to the diffusion of the particles within a fluid, this diameter measured by technique
refers to the diameter of a sphere that has the same translational diffusion coefficient as the particle. It
should be pointed out that the concentration and types of ions in the solvent, the surface structure of the

particles and the size of the particle have an influence on the translational diffusion coefficient.

The thickness of the electric double layer will change according to the ions types and their concentration.
A high conductivity medium will produce a shortened double layer of ions around particles. Thus, the

diffusion speed increases and the apparent hydrodynamic diameter is smaller et vice versa.

The change of the surface of particles affecting the diffusion speed will change the hydrodynamic
diameter of the particle. Adding the surfactants will correspondingly change the apparent size of the

particle.

The inherent problem of this technique is to describe the size of the non-spherical particles such as the
graphene, the carbon nanotube, and the flake shape BN nanoparticles. The only shape that can be

unambiguously described is the spherical shape.
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Figure 5 Schematic diagram of the DLS measurement
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Figure 6 Phase addition of scattered light falling on the detector. (A), the opposite phase of two beams cancels each other out

resulting in a decreased intensity. (B), the same phase two beams enhance each other resulting in an increased intensity

The DLS obtains the hydrodynamic size of the particles by measuring the diffusion speed that the
particles have. The speed measurement is done by measuring the rate at which the intensity of the
scattered light fluctuates when detected using a suitable optical arrangement. As is shown in Figure 5,
the light scattered by the particles forms a speckle pattern on the detector. In some part of the detector,

it shows the dark spaces as the phase additions of the scattered light are mutually destructive and cancel
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each other out as is illustrated in Figure 6 (a). In some part of the detector, it shows bright blobs as the
scattered light from the particles arrive with the same phase and interfere constructively as is illustrated
in Figure 6 (b). Due to the Brownian motion, the image of the bright and dark positions constantly
changes. The rate of these intensity fluctuations depends on the size of the particle. In general, the large

particles cause the intensity to fluctuate slower than the small ones.

The size of the particles is obtained from the correlation function via some algorithms. (1) Cumulants
analysis can obtain the mean size (z-average diameter) and the polydispersity index (which refers to the
width of the distribution via monodisperse model and (2) Non-negative least squares can obtain the

distribution of the particle sizes via multidisperse model.

In general, the intensity size distribution is plotted according to the relative intensity of the light
scattered in various size class. The volume size distribution and the number size distribution have a
similar definition. However, in the DLS, the volume and number size distribution is calculated by the

according to the intensity size distribution.

If the intensity distribution has a single smooth peak, the peaks for the intensity, volume, and number
size are the same. However, if more than one peak appeared in the intensity size distribution, the
refractive index of the sample is needed to obtain a realistic volume size distribution. In general term,

the three different sizes will be seen:

d (intensity) > d (volume) > d (number) (54)

During the test, the non-invasive backscatter detection was used to measure the nanoparticles in the
dispersion. The non-invasive refers to the indirect contact of the optics with the sample. The
backscattering refers to the information of the scattering light is collected at 173< There are many
advantages of the backscatter detection (1): The backscatter reduces the multiple scattering that refers
to the light from one particle is itself scattered by other particles. (2) The contaminants with large
particle size such as dust particle which is larger than the sample size (serval and/or hundreds of

nanometre) mainly scattered in the forward direction. Thus, backscatter detection decreases this effect.
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Figure 7 Schematic diagram of the measurement position with moving of the focus lens for (a) small, weakly scattering

samples and for (b) concentrated, opaque samples.

For the small particles and/or low concentration as is shown in Figure 7 (a), the amount of the scattering
needs to be maximised. In this case (1) the attenuator will permit more light to go through the sample.
(2) the location of the lens moves the measuring point towards the centre of the cuvette to remove the

effect of the flare which occurs during the light passing through the wall of cuvette into the dispersant.

For the large particles and/or high concentration as is shown in Figure 7 (b), the amount of the scattering
needs to be decreased. In this case (1) the attenuator will decrease light to go through the sample. (2)
The location of the lens moves the measuring point towards the wall of the cuvette to decreases the

effect of multiply scattering. The appropriate attenuator position and the measurement position are

determined automatically by the equipment.
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Appendix F

Zeta potential
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Figure 8 Schematic illustration of the & potential

All particle in the dispersion exhibits the zeta potential. It can be used to predict the stability of the
nanofluids. It can also be used to optimise the colloid formulation. The zeta potential was long
recognised as a good index of the magnitude of the interaction between colloidal particles. Its value was

measured to assess the stability of the system.

Two parts exist as the particle is surrounded by the liquid layer, as is shown in Figure 8. (1) The Stern

layer is the inner layer where the ions strongly bonded to the surface of the particle and (2) the diffuse
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layer is the outer layer where the ions are less firmly associated. It should be mentioned that in the
diffusion layer there is a boundary where the particles and ions form a stable entity. The ions with this
boundary move together with the particle. The potential at this surface (surface of the hydrodynamic

shear) is zeta potential.

The stability of the colloids can be represented by the magnitude of the zeta potential. If the colloidal
system has a large positive or negative zeta potential, the particles in the dispersion tend to repel each
other. Thus, the system shows good stability. However, if the system shows low zeta potential, the

particles seem to be easily come together and agglomerated.
Electrokinetic effects

The electrokinetic effects refer to the interaction of the surface charged particles in the system with an
applied the electric field. Four different effects can be observed. There are electrophoresis,

electroosmosis, streaming potential and sedimentation potential.

The effect used for the zeta potential measurement is the electrophoresis. The electrophoretic mobility
refers to the velocity of a particle in a unit electric field. According to the Henry equation, { can be

calculated by:

( — 3|J.UE
2¢ef(ka)

(55)
Where & is zeta potential;
W is viscosity;

¢ 1s dielectric constant;

F(xa) is Henry’s function; and Uy is electrophoretic mobility;
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Figure 9 Schematic of the Huckel approximation and the Smoluchowski approximation

It should be pointed out that the F(ka) is determined by the properties of the media. The k™ referred to

the thickness of the electrical double layer. As is shown in Figure 9, For the polar media such as water-

based colloids, the F(ka) is 1.5 which is referred to the Smoluchowski approximation. If the particles

were dispersed in the non-polar media such as oil, the approximation is the Huckel approximation in

which F(xa) is 1.0.

e

Electrode Mg

Capillary

Electrode

Dhgital zigral
[Alps metin]

Combining
— aptics

—

.,

Figure 10 Optical configuration of the Zetasizer Nano series for zeta potential measurements

The equipment used in zeta potential is shown in Figure 10. The incident beam generated by the laser

was split into the reference beam and measurement beam by the beam splitter. The attenuator was used
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to adjust the intensity of the light to go through the cuvette. In the cuvette, an electric field is applied in
order to measure the movement of the particle via the fluctuation of the beam. The frequency of the
intensity of the light is proportional to the particle speed. The scattered beam with that information was
collected at the 173 “with the compensation optics to maintain optimum alignment. Then the digital
signal processor is applied to produce the frequency spectrum from which the electrophoretic mobility

was obtained. The calculation of the zeta potential is done Henry equation.
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