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ABSTRACT

In this work, the temperature distribution on a microfluidic heat sink is studied

using the FEM method. Microfluidic heat exchangers fabricated of copper, silicon, and

nickel are simulated and studied in two cases; that of uniform and non-uniform heat

sources. The f,irst investigation assumes a uniform heat input of 100 Wcm2 loaded on the

top surface of a I cm x lcm heat sink. The parametric dependence of the overall thermal

resistance on the heat exchanger material, fluid velocity, and channel geometry is

examined. Performance is compared based on the shape and size of the microchannels,

their separating distance from each other, and the coolant flow rate. The cross section of

the microchannels is rectangular and water is used as the coolant. It is shown that copper

shows its superiority primarily at high channel height to width ratios and fluid mass

fluxes. The second investigation assumes a non-uniform heat input consisting of either a

1 mm hot spot of i000 Wlcmz or a 3 mm hot spot of 500 Wcm2 located at the center of

the heat sink. These results show that the peak temperature of the hot spot depends on the

solid material and the fluid flow rate. The effect of varying the thickness of material

separating the coolant from the heat source is investigated. The optimum value for this

thickness is -50 pm for silicon and nickel, and -100 ¡rm for copper heat sinks. This study

can be of importance in cooling of high-power Integrated Circuits (IC) that can have local

peaks or hot spots with heat fluxes far exceeding 100 Wlcm2.

Finally, experimental fabrication of an electroplated copper micro-channel system

with rectangular channels is shown. A process flow for fabrication of microfluidic heat

sinks out of copper and a method and structure for testing it are proposed.
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Chapter 1

Introduction

Heat production in microprocessors is increasing with a high rate [1]. Modern

microprocessors dissipate approximately 50 Wcm2 power and have an area of a few cm2.

Making high performance heat sinks will increase the performance and power dissipation

capability of modern microprocessors. Such heat sinks can be used also for cooling

power electronics devices, high power laser diodes, and mechanical systems, which are

currently cooled by large metallic heat sinks and fans, or macro-scale water circulating

pipe networks.

Local hot spots are also of concern in the Integrated Circuits (IC) industry.

Measurement of the input heat flux of ICs shows local peaks or hot spots far exceeding

100 Wcm2. Chip temperature for these hot spots can exceed 70'C and were shown to

reach 105 'C [2], even when using state of the art packaging and cooling methods. This

impacts their perfoffnance and reliability, since high junction temperatures reduce the

mean time to failure of devices [3]. The 2005 International Technology Roadmap for

Semiconductors (ITRS) indicated that the maximum allowable junction temperature will

decrease from 100 oC to 90 oC by 20ll l4l. This reduction in allowed temperature will

fuilher challenge thermal cooling performance needs. In [5], the temperature variation on

the surface of an HP microprocessor was simulated and compared to experimental

measurements. This study showed that the temperature difference between the hottest and

coolest points of the chip can reach 27 "C. The study in [6] showed a Iarge variation in

the temperature across the surface of a memory chip, and examined the effect of this



temperature variation on the thermal performance and characterization of electronic

packages. This temperature difference generates stress in semiconductor electronic

structures and metal interconnections, and degrades their performance or even can cause

crack or disruptions [7]. The ideal situation is a unifotm temperature across the entire

surface of the chip.

Microfluidic heat sinks have commonly been fabricated in silicon substrates using

micromachining methods. Tuckerman and Pease reporled the first microfluidic heat sink

in 1981 [S]. They made and tested a 1 cm x 1 cm water-cooled heat sink whose channels

were made by anisotropic etching of silicon. A schematic of their heatsink is sketched in

Figure 1-1. The width of their channels was 50 ¡.rm and the height was 320 ¡rm. This heat

sink could transfer 790 Wcm2 with 2.27 W pumping power and maintaining a 7I 'C

temperature difference between the hottest point on the surface and the input fluid. That

design is still one of the best, and that paper has been the basis for all other works in this

field.

Device Side

Figure 1-1. The schematic of a microfluidic heatsink with high-aspect-ratio rectangular

microchannels. The channels are covered with a lid plate bonded to the substrate.



Fabrication of microfluidic heat sinks in metals is captivating due to the potential

of higher heat conductance of some metals compared to silicon. Thermal conductivity of

some materials is shown in Table 1-1.

Table i-l. Thermal conductance of some materials.

Material
Thermal Conductance

(WmK)

lnsulators
Diamond 900 -2320

Glass 1.1

Metals

Silver 429

Copper 40r

Gold 318

Aluminum 237

Silicon 148

Nickel 90

Stainless Steel l3 15

Fluids
Water 0.6

Air 0.025

Thermal energy in metals is transferred by electrons and in insulators by phonons,

or lattice vibrations l9]. In insulators the heat flux is carried almost entirely by phonon

vibrations. The "electron fluid" of a conductive metallic solid conducts nearly all of the



heat flux through the solid. Phonon flux is still present, but carries less than Io/o of the

eneïgy [9]. Electrons also conduct electric current through conductive solids, and the

thermal and electrical conductivities of most metals have about the same ratio. A good

electrical conductor, such as copper, usually also conducts heat well. In metals, thermal

conductivity approximately tracks electrical conductivity according to the Wiedemann-

Franz law, as freely moving valence electrons transfer not only electric current but also

heat energy t10]. However, the general correlation between electrical and thermal

conductance does not hold for other materials, due to the increased importance of phonon

carriers for heat in non-metals. Diamond which has the strongest crystal structure and is

the hardest known material, transfers lattice vibrations more easily and it has the best

thermal conductance among solids. Among metals, silver, copper, gold and aluminum

have the best conductance, and among them, considering price and heat conductance,

copper looks to be the most suitable one to use as the heatsink material.

So far, considerable work has been done on the fabrication of silicon microfluidic

heat sinks and also their thermal simulation and analysis. Microfluidic heat sinks in metal

have been fabricated mainly by mechanical methods, which are difficult or expensive,

and cannot produce nanow and high aspect ratio microchannels. Normally microchannels

in metals have a circular shape, because of their fabrication method, which is micro-

drilling. Hence many papers on thermal simulation of metal microfluidic heat sinks are

based on circular microchannels [11]. In Llzl the fabrication of rectangular

microchannels was investigated, employing a photoresist mold and electroplating of

nickel. Since the thermal conductivity of nickel is less than that of silicon, this method

has a reduced advantage.

4



In this thesis, fabrication of microfluidic heatsink out of copper is investigated.

The studied fabrication method is based on molding and electroplating. The channels are

covered by a copper lid plate. This plated was bonded to the substrate using a thin layer

of tin.

COMSOL Multiphysics software v.3.5a 64 blt [13] was used to simulate the

temperature distribution on the surface of a water cooled microfluidic heat sink which is

subject to a heat load on its surface. Microfluidic structures were simulated and analyzed

using the Finite Element Method (FEM). The surface temperature of the heat sink was

studied as a function of heat sink material and geometry, and fluid flow velocity. Three

investigations are presented.

The first study assumes a uniform heat source. A detailed study on the

comparative heat transfer performance of microfluidic heat sinks made out of nickel,

silicon, and copper is presented. These three materials were selected due to their

consideration by other groups in the fabrication of microfluidic heat sinks. The

parametric dependence of the overall thermal resistance on the heat sink material, fluid

velocity, and channel geometry is shown. Performance is compared based on the shape

and size of the microchannels, their separating distance from each other, and the flow

tate.

The second investigation assumes a non-uniform heat source. This study is of

paramount importance in cooling of high-power ICs, which can have local peaks or hot

spots with heat fluxes much higher than the average heat generation of the IC. Especially

with the transition of microprocessor architectures to multicore design, the issue of

thermal non-uniformity is attracting the attention of thermal design engineers [a]. By



varying the geometrical and material heat sink parameters, the effect of these parameters

on the peak temperature of the hot spot was investigated, and the optimum heat sink

structure for cooling an IC that includes a hot spot region was determined.

The third investigation is about the transient behavior of the heatsink. Transient

simulation of the heatsink shows that its characteristic is like a first order differential

equation. Hence microfluidic heatsink can be modeled as a first order RC circuit.

Dependence of thermal capacitance of the heatsink on different parameters has been

studied and it is demonstrated that how this thermal capacitance affects the peak

temperature for the short term hot spots. This investigation is of paramount importance,

because the hot spots on the cooled surfaces like microprocessors have a dynamic nature

and the location of the hot spots and the amount of heat generated by them changes with

time.



Chapter 2

Literature Review

Since the early work of Tuckerman and Pease [8] who introduced microfluidic

heatsinks, a lot of research has been done in this field. Many researchers from the fields

of mechanical engineering, chemical engineering, electrical engineering, and physics

have been involved in research on microfluidic heatsinks and heat exchangers. Thousands

of papers have been published about this, some conferences are held annually focusing on

this subject or related to it, and even a few books have been published about this

technology. A few companies have been founded who produce microfluidic heatsinks

with different architectures and fabrication methods. Giant companies like IBM, Intel,

AT&T, HP, NASA, and Toshiba also have been working on it. Microfluidic heatsinks

have been in the market since a few years ago and thy have been used in some products

like some desktop computers made by Sony and Apple. In this chapter a review of the

papers and works done in the field of microfluidic heatsinks is presented. First the

theoretical and experimental works will be briefly reviewed and then the fabrication

methods used in the research and industry until now will be reviewed.

7



2.1. Theoretical and Experimental Study of Microfluidic

Heatsinks

So far, many papers resulting from theoretical and experimental research work on

microfluidic heatsinks have been published. Generally in these publications the heat

source is considered as a uniform and steady heat input on one boundary of the heatsink.

Most of the publications in this field consider these conditions. First a review of these

publications will be presented, and then a few publications which discuss heatsinks with

discrete or transient heat input will be reviewed.

2.l.l.IJniform Steady Heat Input

There are hundreds of papers about microfluidic heatsinks which consider

uniform and steady heat input. In his section only a few most important ones are

reviewed.

In [8] the first water-cooled integral heatsink was designed and tested. For the

input power density of 790 Wlcmz a maximum substrate temperature rise of 71 "C above

the input water temperature was measured. Other conditions werc Wç: S : 50 pm, Hç:

302 pm, and flow rate : 8.6 cm3/s. This result was in good agreement with theory. It was

confirmed that the flow rate obeyed Poiseuille's equation, and that the thermal resistance

was independent of power level.

In [15] a method for optimizing the structure of the microfluidic heatsink was

presented. A computer code was written which obtained the optimum values for channel

width and height and spacing. Their method for analyzing the heatsink uses thermal

resistance models, and it shows that a design to obtain turbulent flow instead of laminar



flow makes a slight improvement in the thermal resistance while increasing the needed

pumping power si gnificantly.

In [16] the effect of the electric double layer (explained in section 8.3.3.1) at the

solid-liquid interface and the fluid flow electrokinetic f,reld on the pressure-driven flow

and heat transfer through a rectangular microchannel were analyzed. The results show

that the liquid flow and heat transfer are significantly influenced by the presence of the

electric double layer and the induced electrokinetic flow. In this research Wc was 30 pm,

Hçwas2} pm, and the mean fluid velocity was 1 m/s.

In [17] a three dimensional model was developed to investigate flow and heat

transfer in the microchannel heat sink. The incompressible laminar Navier-Stokes

equations were employed as the governing conservation equations which were

numerically solved using the generalized single equation framework for solving

conjugate problems. It has been validated using the experimental data in the literature.

This work showed that the concept of the local heat transfer coefficient and Nusselt

number is meaningless in the strongly conjugate problems. The studied structure had the

following sizes: Wç: 57 pm, Hç: I80 pm, and S: 43 pm.

In [18] a three-dimensional fluid flow and heat transfer in a rectangular

microchannel heat sink were analyzed numerically. A numerical code based on finite

difference method and an algorithm called SIMPLE was developed to solve the

governing equations. The analyzed heatsink has an area of 1 cm2 and its microchannels

have the following sizes: Wç: 57 þm, Hc = 180 ¡rm, and S: 43 ¡rm.

In [19] a scheme for solving the equations governing the fluid dynamics and

combined conduction/convection heat transfer in a heatsink is presented. This scheme



enables the determination of heatsink dimensions that display the lowest thermal

resistance. The results indicate that when the pressure drop is small, laminar solutions

yield lower thermal resistance, while when the pressure drop is large, the optimal thermal

resistance is found in the turbulent region. For this turbulent flow, the parameters of the

optimal structure have the following values: Number of channels : 22, Wç : 377 Vm, Hc

: 365 pm, ,S : 81 pm, Re : 8459, and flow rate : 59.2 cm3 ls.

In [20] the pressure drop and heat transfer characteristics of a single-phase micro-

channel heat sink were investigated both experimentally and numerically. The three-

dimensional heat transfer characteristics of the heatsink were analyzed numerically by

solving the conjugate heat transfer problem involving simultaneous determination of the

temperature field in both the solid and liquid regions. The numerical results are in good

agreement with the experimental ones and demonstrate that the conventional Navier-

Stokes and energy equations can adequately predict the fluid flow and heat transfer

characteristics of micro-channel heatsinks. The fabricated microchannels were 231 pm

wide and 713 ¡im deep.

In [21] the steady, laminar flow and heat transfer equations are solved using a

finite-volume method. It was found that the heat input lowers the frictional losses,

especially at lower Reynolds numbers, where the temperature of the water increases and

this reduces the viscosity, hence the frictional losses decrease. The simulated structures

had the following sizes: W: 1 cm, L : I cm, Ws: 50 - 64 pm, Hç: 280 - 302 pm and ,S

:36 - 50 ¡rm.

The experiments in l22l and l23l showed that the geometric configuration had a

significant effect on the single-phase convective heat transfer and flow characteristics.
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The laminar heat transfer was found to be dependent upon the aspect ratio and the ratio of

the hydraulic diameter to the pitch of the microchannels. The turbulent flow resistance

was usually smaller than that predicted by classical relationships and the Reynolds

number for flow transition to fully developed turbulent flow became much smaller than

the ordinary channel flow. Empirical corrections were suggested for calculating both the

heat transfer and pressure drop. Geometric parameters of the test sections had the

following values: W: 18 mm, L:45 mm, Wç:0.2 - 0.8 mm, Hç:0.7 mm.

In Qa] the stacked microchannel heatsinks were studied. Stacked microchannel

structure can provide a lower thermal resistance, because it provides alarger heat transfer

area from solid to fluid. In this work a simple thermal resistance network model was

developed to evaluate the overall thermal performance of a stacked microchannel

heatsink. The aspect ratio, fin thickness, and the ratio of the channel width to fin

thickness are the variables which were optimized. During the optimization the overall

dimensions, number of layers and pumping power (product of pressure drop and flow

rate) were fixed. This study indicated that reduction in thermal resistance can be achieved

by optimizing the channel confìguration, and the optimal number of layers for micro-

channel under constant pumping power of 0.01 W is 3. The other constraints are as

pressure drop to be less than 4 bar and flow rate to be less than 1 lit/min. The optimal

structure has these sizes: Wç: 107 pm, ,S : 4l pm, and Hç: 407 pm.

In 1251, in order to investigate the performance of the microchannel heat

exchanger, three-dimensional numerical simulations and experiments on heat transfer

behavior and pressure loss were performed. The measured pressure loss was in good

agreement with analytical results. In their design, the area of the heatsink was 15 x 15
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mm2, and Hc : 180 ¡rm, Wc : 57 ¡rm, and S : 43 ¡rm. The overall flow rate was 2.5

"-'ls.
In 126] experiments were conducted to investigate heat transfer characteristics of

water flowing through trapezoidal silicon microchannels with a hydraulic diameter

ranging from 62 to 169 ¡rm. Height of the channels were between 44 an 111 pm. A

numerical analysis was also performed by solving a conjugate heat transfer problem. It

was found out that experimentally determined Nusselt number in microchannels was

lower than that predicted by numerical analysis. A roughness-viscosity model was

applied to interpret the experimental results. Based on this model a modified Nusselt

relationship was proposed whose result was in good agreement with experimental data.

Inl27) and [28] experimental results have been obtained for forced convection in

deep microchannels with the channel depth of about 1000 pm and channel width of 25I

pm. This structure has reduced temperature non-uniformity in the substrate by utilizing

high flow rates. It was also shown that increasing the channel depth can significantly

improve the flow and heat transfer performance.

2.1.2. Discrete Heat Input

In l29l detailed power maps are shown of fully operational microprocessors

obtained by imaging the temperature-dependent Infra-Red (IR) emission of chips that are

cooled by a custom designed IR transparent heat sink.

In [30], the temperature variation on the surface of an HP microprocessor was

simulated and compared to experimental measurements. This study showed that the

temperature difference between the hottest and coolest points of the chip can reach 27 oC.
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The study in [3i] also showed alarge variation in the temperature across the

surface of a memory chip, and has examined the effect of this temperature variation on

the thermal performance and characterization of the electronic packages.

In [32] a methodology developed to perform electro-thermal analysis of integrated

circuits was presented. A circuit simulator (SPICE) and a thermal simulator (COMSOL)

worked together to obtain the junction temperature of a single BJT transistor on a chip.

The simulators had to be linked to each other, because some parameters depend on

temperature, and hence the simulated system was nonlinear. The junction temperature

was about 101.2'C at a power dissipation of 4.5 W.

2.1.3. Transient State Study

In [33] the transient heat transfer in forced convection for simultaneous

hydrodynamicalty and thermally developing laminar flow inside a microchannel heatsink

was studied by solving the steady momentum equation and the transient energy equation.

A parametric study was performed to investigate the effects of channel width, height, and

separating distance, Reynolds number and solid and fluid thermal conductivities. Silicon

and InP were used as the wafer materials. Heatsink response to step function and pulsed

variations of the uniform input heat were studied. Results showed that the time required

for the heat transfer to reach steady state condition is longer for the system with taller

channel or larger separating distance and smaller channel width or Reynolds number.

In [3a] the transient thermal behavior of microchannel heatsinks during start up

and over a short duration power surge was investigated. Three-dimensional conjugate

heat transfer equations in the heatsink were numerically solved using finite control-
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volume method. The behavior of heatsinks with different values for the fin width,

channel width, material thickness between the top of the channels and top of the heatsink,

and different heatsink materials was examined during start-up from a uniform initial

temperature with a uniform input heat flux, followed by a short duration power surge

from the steady-state conditions. It was concluded that increasing the fin width or channel

width increases the steady-state and maximum transient temperatures in the solid, and

increasing the material thickness between the heatsink channels and the chip or using a

material with larger density or specific heat increases the transient period and lowers the

maximum transient temperature in the solid during the power surge.

In [35] a microfluidic heatsink was designed and fabricated with a heater,

microchannels and distributed temperature sensors. This device allowed an experimental

study of the transient behavior of a thermal microfluidic heatsink. The transient

temperature behavior of the device was studied for a variety of heater power levels and

forced convection flow rates. De-Ionized (DI) water was used as the working fluid. Both

heating-up rise time and cooling-down fall time due to a step current input were

determined for natural and forced convection heat transfer. The transient temperature

response to a sinusoidal power input was also investigated. The resulting temperature

distribution was measured as a function of the input signal and the flow rate. The step

response under natural convection is exponential for both heating and cooling processes.

However, under forced convection, the heating-up time response exhibits a clear

overshoot. The response time for both heating and cooling process is about four times

faster than that for the natural convection case. Furthermore, under certain conditions, the
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periodic temperature response can exhibit a large peak-peak temperature without the

occturence of dry-out phenomenon.

2.2. F abrication of Microfluidic Heatsinks

The first microfluidic heatsink was made by anisotropic etching of a silicon

surface with <110> crystallographic orientation using KOH. The fabricated channels

were 320 ¡rm deep and 50 ¡rm wide [8]. The channels were covered by anodic bonding of

a glass plate to the silicon substrate. This method has been the most popular method for

fabrication of microfluidic heatsinks. In [27] channels with the depth of 1030 ¡rm and

width of 251 pm were etched in a 2 mm thick silicon wafer. In [25] the channels were

covered with another silicon wafer directly bonded to the substrate. Cooligy company

also fabricates its microfluidic heatsinks with KOH etching and anodic bonding to a glass

plate [36]. In 126l trapezoidal microchannels with hydraulic diameters of 62 - 169 ¡rm

were fabricated by anisotropic etching of silicon. In [37] triangular microchannels with

the width of 230 ¡rm and height of 170 Lrm were fabricated by anisotropic etching of

silicon.

Another method for making microfluidic heatsinks is machining the grooves in

the metal plates. In [38] rectangular shaped microchannels were machined into stainless

steel plates. The fabricated channels were 200 ¡rm wide and 700 pm tall. In [39] a heat

exchanger was fabricated by machining 100 ¡rm deep and 200 pm wide channels in the

copper foils and then an electro-polishing process to reduce the surface roughness.

Several layers of foils were bonded to each other by diffusion bonding to make a

multilayer microchannel structure.
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In [39] microchannels were fabricated by wet chemical etching of aluminum foils

too. In [40] microchannel structures were fabricated by wet chemical etching of 1 mm

thick copper plates. Channels were 690 pm wide and 390 ¡rm tall.

Gigabyte Company has produced and is selling devices for cooling CPU and

graphic card [41]. These devices are based on copper and water containing anti-freezing

and anti-corrosive materials is running in them.

The product of Pipeline Company has a patented design that can provide stable

two-phase flow in a microchannel heatsink 142]. Their technology is based on micro-

scale machining.

Micros Company has produced a high performance copper microfluidic heatsink

called Normal Flow Cold Ptate (NCP) that has thermal resistance of 0.03 Kcm2/W with a

relatively low pressure drop [43].

IBM research laboratory in Zurich has fabricated a jet impingement cold plate

[44]. Its architecture is based on a micron-sized round nozzle array with interspersed

drainage holes on a face-centered quadratic lattice. The latter has a novel parallel

manifold that reduces the pressure drop for large numbers of nozzles. This structure is

similar to branched hierarchical networks in animals and plants. These features were

fabricated using micro-fabrication of silicon wafers followed by bonding processes.

In [45] a method for fabrication of the microfluidic heatsink directly on the back

side of the chip was proposed. In this method, first microchannels with the depth of 100

pm were etched on the back of the silicon wafer. They then spin-coated a layer of high-

viscosity sacrificial polymer onto the back of the chip, filling in the trenches. Next, a

simple polishing step removed excess polymer. The filled trenches were then covered by
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a porous overcoat, and the chip was gradually heated in a nitrogen environment. The

heating caused the sacrificial polymer filling the trenches to decompose and leave the

channels through the porous overcoat, leaving microfluidic channels behind. The porous

overcoat was then covered with another polymer layer to make a watertight system. The

researchers have so far demonstrated that their microchannels can withstand pressure of

more than 35 psi.

In [46] a microfluidic heatsink was fabricated by electroplating nickel on a mold.

The fabricated channels were about 10 pm wide and 40 pm tall. At the initial stage,

nickel was plated in the space between the photoresist molds to form the channel walls.

As electroplating continued, the metal began to form overhangs (Mushrooming). When

the gap between the overhangs decreasedto I-2 ¡rm, electroplating was stopped and the

photoresist was removed with acetone. With more plating, the gap between the overhangs

closed to form a sealed channel filled with electrolyte. Inside the hollow channel was

equi-potential and thus no further electroplating occurred on the inside of the channel

wall. The electrolyte remaining inside the channel was replaced with DI water from the

ends ofthe channels.

In l47l a stacked microchannel heatsink was fabricated by etching the channels

into the silicon wafers and then direct bonding of the silicon wafers to form the stacked

structure. Microchannels were etched with DRIE method, and totally five silicon wafers

were bonded to each other to make two layers of microchannels. Microchannels were 100

pm deep and 34 pm wide. It was discussed that eutectic bonding is not a suitable method

for fabrication of microfluidic heatsinks.
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Researchers of IBM in New York have fabricated a microfluidic heatsink with

special zigzag channel pattern in silicon [a8]. Channel with the depth of 269 ¡rm and

width of 60 pm were etched by DRIE method in a 525 ¡rm thick silicon wafer. This

substrate was directly bonded to another silicon wafer to seal the microchannels.

2.3. Contributions of This Work

To the best knowledge of the author, the following parts of this work are

performed and presented for the hrst time:

1. Metal microfluidic heatsinks were simulated by COMSOL Multiphysics software

in steady state and with uniform heat input. Simulation was performed for

heatsinks made out of copper, silicon and nickel and for different sizes and fluid

mean velocities, and the results were compared.

2. Microfluidic heatsinks with discrete heat input were simulated, and the results of

the simulations for different cases of solid materials and sizes were compared and

discussed. Before this, very limited work has been done on this issue by other

groups.

3. Microfluidic heatsinks with uniform and discrete heat input were simulated in

transient state. Before this, very limited work has been done on this issue by other

groups.

4. A method for the fabrication of copper microfluidic heatsinks by electroplating is

presented in this work. In previous works, copper microfluidic heatsinks were

fabricated by etching or drilling, and electroplating was used to fabricate nickel

microfluidic heatsinks.
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Chapter 3

Simulation Method, Modeling and

Simulated Structure

3.L. Simulated Structure

The simulated microfluidic heat sink was comprised of a large number of parallel

microcharurels, and it measured a total size of I x 1 cmt. Itt the simulations it was

modeled that the structure was either made up of copper, silicon, or nickel, and the length

of the microchannels was L : 7 cm. The cooling fluid was pure water with the input

temperature of 300 K. As shown in Figure 3-1, the microchannels had a rectangular cross

section.

Figure 3-i. Microfluidic heat exchanger with rectangular microchannels.
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For the case of a uniform heat input, a heat flux q" : 100 Wcm2 was applied

uniformly to the heat sink top surface. For the case of a non-uniform heat input, the

normal input heat flux applied at the top surface was 100 W/cm2, but a hot spot was

considered as a band across the surface of length (Lnò whose input heat flux was higher.

The hot spot was centered at the middle of the top surface of the heat sink. Symmetry of

the structure for the hot spot was chosen, because it generated a geometry that was more

suitable for FEM simulation. This symmetry made it possible to simplify the simulated

structure as a unit cell. These simulations were performed for hot spots of different sizes,

LHot:1 mm and 3 mm. For the hot spot of length LHot:1 mm, the input heat was 1000

Wlcm2,and for the hot spot of length LHot:3 mm, it was 500 Wcm2. These values are in

the range of the heat generation for the hot spots presented in [49 to 5 1 ].

In all simulated cases, using the benefit of the periodicity and symmetry across

the structure, the simulated unit cell was only one half of a microchannel, as shown in

Figure 3-2.In order to simulate fully developed flow inside the microchannels in the heat

exchanger, and to provide the suitable boundary conditions, an adiabatic channel length

of 1 cm was added before entering the solid structure. Uniform conditions of velocity and

temperature (u : 0, v : 0, w :w,r, and T : T¡n) were imposed at the inlet of the adiabatic

entry length. At the outlet of the adiabatic exit section, the following conditions were

imposed:

Velocity in x and y directions is zero: Lt : v : 0

Pressure at the outlet: P : 0

o Constant velocity along the channel at the outlet is zero:
ôw

--0ôz
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. Temperature gradient along the channel at the outlet is zero:

m

Figure 3-2. Cross-section of the simulated unit.

3.2. Simulation Method

Input heat was applied at the top surface and the boundary condition for the other

outer surfaces was thermal insulation (f{o heat transfer). The complete mathematical

formulation for determining the three components of velocity (u, v, and w), pressure (P),

and temperature (T) in the fluid is given by the following equations:

o1_-u
ôz
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Continuity equation (Constant velocib¡):

Momentum equations:

Energy equation:

( a, ôu â2.¿ I ôP ( ô'u õ2u ô'u\p,lu" +vr1¡t¡rr'l=-"^ + u,l j+-+;l G-2)''( ôx ù ô, ) ax ' '[ôr' ôy' ô"' )

( a, av avl ôP ( õ', ô2v ô'vl
Prlu^ +v^ ¡w^ l=-^ +ltrl^r+^2+^zl'\ ox oy oz ) oy \cDú oy oz )

ôu ôv Aw

-+-+--0ôxùôz
(3-1)

(3-3)

(3-4)
( a, aw awl ôP (ô'* ô2w ôtwl

Ptl" æ*' ur*' * )=- ôr* t"lar'* ur'.e¡ )

(3 -5)

Within the solid, there is only one unknown parameter, T, and then only one equation is

required, which is the energy equation:

dr af dr kr ( a'r d2T a'r.ì
u-Tv-Tvy-=-t -------T-;-T 

^ IA A A p¡C, \âx' ây' ât' )
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a2T dtT dtT
^;^-i^-&' Ø' ù'

^ +(a r. "w)" 2(H,,+W.)

prc, ôT

kr ôt
(3-6)

For steady state condir¡on, 
9l 

= g.
ôr

The boundary conditions of zero velocity are imposed at all fluid-solid interfaces.

Continuity of temperature and heat flux is also imposed at these interfaces. The thermal

boundary condition for the top surface where heat comes in is [52]:

(3-7)

The hydraulic diameter for a rectangular channel is given by the formula [53]:

q" = k,ô!
oy

(3-8)

Hydraulic diameter is the diameter of the circular channel with the same area and

perimeter of the rectangular channel. This diameter is calculated in order to plug into the

fluid dynamics equation which have been written for circular channel.

Applying a channel width of W¿: 50 pm and by varying the channel height l/6,

the hydraulic diameters for several cases are shown in Table 3-1. V/e can see from Table

3-1 that the change in Dn with channel height is more significant for the smaller channel

heights.

23



Table 3-1. Hydraulic diameters for channels with Wç: 50 prm and different heights (116).

Hc Dn

50 pm 50 ¡im

100 ¡rm 67 pm

200 pm 80 ¡rm

500 pm 90.9 ¡rm

Using these D¿ values and Equation (3-9) given below 1521, the Reynolds number

is calculated for the water flow in microchannels with four different heights (50 ¡rm, 100

¡sm,200 pm and 500 ¡rm), and mean fluid velocity (w,,,) of I to 14 mls. The fluid

temperature is 300K in these calculations. The results are shown in Figure 3-3.

Re=
P.¡w,,,Dt (3-e)

llr

In Figure 3-3 it can be seen that for the mean fluid velocity (w,,,) of 1 - 14 m/s and

channel heights (Hò of 50 - 500 ¡rm, the Reynolds number remains below 1400, and so

the flow is expected to be laminar.

Figure 3-4 shows the dynamic viscosity of water versus temperature. In these

simulations, in order to have a linear set of equations (Equations. 3-1 to 3-7), the fluid's

dynamic viscosity (trt¡) was considered a constant value in each simulation (0.00089 Pa.s).

This is generally a good approximation if p¡ is estimated correctly and related to the

average temperature of the fluid flowing inside the heat exchanger. Since, as observed in
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Figure 3-4, Ffhighly depends on the water temperature, for higher values of Hc and w,,

where the cooling performance is greater and the overall temperature is lower, a larger

value for p¡ (0.00089 Pa.s) can be set and for the cases that the overall temperature is

higher, a lower value can be set for p¡. For example for the average fluid temperature of

about 80"C the value for dynamic viscosity can be set to 0.0004 Pa.s. Of course as it was

tried with some simulations, the heatsink performance and the maximum temperature of

the surface didn't depend much on the fluid viscosity. The only parameter that changes

with the fluid viscosity is the pressure drop along the channel. Hence for all of the

simulation in this thesis the constant value of pr :0.00089 Pa.s was used.
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Figure 3-3. Reynolds numbers for four channel heights at different mean fluid velocities.
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Dynamic Viscosity of Water at 1 atm as a Function of Temperature
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Figure 3-4. Dynamic viscosity of water versus temperature.

3.3. Simulation Tool and Settings

For FEM simulations COMSOL Multiphysics software v.3.5 64bit was used. The

simulations were done using "Heat Transfer" and "Fluid Dynamics" packages of this

software. All simulations were in steady state (stationary mode) or transient (Time

dependent mode) and three dimensional. Since the simulations used two physics and

were performed in 3D, they consumed alarge amount of memory and time, depending on

the mesh size.

COMSOL has several solvers that can be used for this type of multiphysics

simulations. Its default solver, UMFPack, needs a lot of memory and is slow. It is good

for small and 2D simulations. For example with UMFPack, for a 3D microchannel

simulation with about 400,000 mesh elements, the occupied memory easily reaches 32
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Giga Bytes and it takes 5-6 hours to solve on the STOUT server in the ECE department

of the University of Manitoba. It is a SIIN computer (SunFire V880) with four I GHz

processors and 32 GB of RAM. Of course due to users' restrictions this simulation was

able to use only one of these processors at a time.

In version 3.5 of COMSOL software, there is a solver named "Pardiso" which is

much faster and more memory efficient than UMFPack, but its required memory size

depends on the mesh size. This solver exists only on the PC version of COMSOL, and

since the PC memories are limited (to 2-8 GB), Pardiso cannot be used for large

simulations with very large number of elements.

The other solver is "BiCGStab" which uses a fixed amount of memory. Using this

simulator, 3D microchannels with 800,000 mesh elements were simulated using a PC

with Intel Duo Core 2.66 GHz processor and I GB ram in 6-7 hours.

The set of equations used for these simulations (eqs. 3-1 to 3-6) were inherently

nonlinear. Due to dependence of parameters like K, C, p and ¡t of the solid and the fluid

on temperature, they become more nonlinear and solving them becomes more difficult. In

COMSOL these parameters can be considered dependent on temperature and solve the

equations using a nonlinear solver, but this would make the simulation too complicated

and it would take a much longer a time to solve it. In the simulations of this thesis, in

order to a little simplify the simulation process, fixed numerical values were assigned to

each of these parameters and the linear solver was used for simulation. This is legitimate,

because other than the water viscosity, the change in other parameters is very small over

the temperature range of 20 - 100 "C. The assigned simulation pa.rameter values (which

are for room temperature condition) were:
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Thermal conductances: Ks (Cu):400 WmK

Ks (Si) : 163 W/mK

Ks Cri) :90.7 WmK

K¡ (Water) : 0.6069 WmK

Thermal capacitances: C5 (Cu):385 J/kgK

Cs (Si):J03 IlkgK

Cs (Ni) : 445 J/kgK

C¡ (Water) : 4181 .7 llkgK

Density p, (Cu): 8700 kglm3

p" (Si) :2330 kg/m3

p, (Ni):8900 kg/m3

p¡(Water):997 kg/m3

Viscosity p¡(Water):0.0008899 Paxsec

The other possible way is to leave the parameters with their temperature

dependent expressions, but using the linear solver. Anyway, the linear solver is used for

solving the set of nonlinear equations. According to the COMSOL User's Guide [54], "If

a model is nonlinear, the linear solver solves the corresponding linearized model,

evaluated at a specif,red linearization point The result is equivalent to adding a Newton

correction to the linearization point. Repeated linear solutions, updating the linearization

each time, is therefore equivalent to an undamped Newton method and will often

converge rapidly towards the solution of the nonlinear model." This method also was

tried. Simulation in this way takes a little longer, but the result is the same as using the
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fixed values for the parameters. The reason is that variation of above mentioned

parameters with temperature is very small.

COMSOL v. 3.5a is a user-friendly software, but it has some deficiencies

compared to ANSYS. The most important problems are that the user doesn't have enough

control on mesh generation. For example, in 3D the mesh elements have only a

tetrahedral shape, and cannot be hexagonal which is more suggested to be used for some

geometry. Their density in different directions for different parts of the object (*, y, ,)

cannot be adjusted separately. Most of the other problems are related to post processing.

The generated data cannot be processed in many different or complicated ways, as it is

possible in ANSYS. For example in ANSYS there are much more options and more

flexibility in post-processing the resulting data. More specific example, in COMSOL the

resulting data can only be integrated on a whole boundary or physical object, but in

ANSYS the data on any arbitrary piece of boundary or object can be integrated.
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Chapter 4

Validation and Verification of the

Simulations

It is very important to make sure that the simulation results are coffect and valid.

There are several ways to verify the simulations.

. It should be shown that the simulations are grid independent. In the other words,

the number of the elements of the mesh that is used for simulations has to be

sufficiently high that the simulation result doesn't change with the number of the

elements of the mesh.

. It should be shown that the simulation result is logical and is consistent with the

basic physical rules, for example conservation of mass and energy.

. The simulation results should be compared with theoretical and analyical results

if available.

. Compare the results with the results of other simulation software.

. Compare the simulation results with the experimental results.

4.1. Mesh Independence Test

For grid dependency investigations a basic microfluidic heatsink structure with

the following properties was simulated:
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o Solid material: Copper

. Hc : Wc: S: Hr: Hs:50 pm

o L:7 cm

c Wnt:7 m/s

t q":100 Wlcm2

For these conditions, the Reynolds number is calculated (based on eq. 3-9) as Re

:392 and the pressure drop AP is calculated based on formula 4-1:

Lp =4!L 
Pr!^- (4-t)D,, 2

For the above conditions Dn: 50 pm andlRe is a constant value which depends on the

aspect ratio of the channel (Hc I \lc).For the aspect ratio of Hc I Wc: 1, the value of

"f*Re is obtained from [55] as /xRe : 14.23. Hence the friction factor, f, can be

calculated:

' 14'23- 
-14'23 = 0.0363J= * 3gz

and so: 6p, - 4fL P.r*,,,' - 4x0.0363x-0.01 
" 

1000x72 
=7.ll1gx105paDh 2 50x10-6 2

First the simulation was performed with a mesh that was almost uniform in the

whole structure, using BiCGStab solver and with Lagrange Quadratic terms. The results
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of this test can be observed in Table 4-1. lT is the difference between the temperatures of

the hottest point on the surface of the heatsink and the input fluid.

Table 4-1. Uniform Mesh in the solid and channel,

Solver: BiCGStab, Lagrange Quadratic terms

Number of Elements
AT
tK)

AP
Difference of AP from the

analytical value

5.674 14.25 I8.2 x 10' Pa -t55.8 %
19,587 17.732 8.04 x 10'Pa -t3 %
58,619 i 8.1 98 7.17 x 10' Pa -0.77 %

r87,674 18.873 6.95 x 10'Pa 2.3 o/o

28r.2t3 18.952 6.71 x 10'Pa 5.7 %

549.534 t9.t54 6.79 x 10'Pa 4.6 %

As observed, the value of the pressure drop result is converging and is getting close to the

analytical value, but not close enough which is less than 1 %o. The mesh was changed so

that a higher portion of the elements are located in the channel. For this purpose the

maximum sizes of elements on the channel boundary and inside its body were set to a

small value. The results of the simulation with this type of meshing can be observed in

Table 4-2. For the highest number of elements in this table (708,986), the mesh is

generated with these parameters:

Maximum element size in the channel: 10 ¡rm

Maximum element size in the solid: 25 pm

Maximum element size on the heat input boundary: 15 pm

Maximum element size on the channel boundary: 10 ¡rm

Element growth rate from the channel boundary: 1.2

Maximum element size on the boundary at the beginning of the channel: 5 ¡rm
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Element growth rate from the channel boundary at the beginning of the channel: 1.1

Maximum element size af the channel inlet: 1 ¡rm

Table 4-2. Mesh mostly concentrated in the channel,

Solver: BiCGStab, Lagrange Quadratic terms

Number of Elements
^r 

(K) AP
Difference of AP from the

analytical value
164,377 18.97 7.01 x 10'Pa 1.5 Yo

229,688 t9.t6 6.93 x 10'Pa 2.6 %
287,666 19.20 6.86 x 10'Pa 3.6 %
343.09s 19.19 6.96 x 10' Pa 2.2 %
404.205 19.09 7.05 x 10' Pa 0.9 %
541,085 i9.08 7.08 x 10'Pa 0.49 %
708,986 19.23 7.09 x 10' Pa 0.35 Vo

As observed, with mesh sizes over 400,000 elements the value of pressure drop

gets much closer to the analytical value (LP : 7.1148 " 105 Pa) and the difference

between the simulated and analytical values for the highest number of elements is less

than 1 o/o, which is very good. The simulations with this type of mesh were repeated with

the following conditions and the results were exactly the same:

o Solver: BiCGStab, Lagrange Linear terms.

o Solver: BiCGStab, Lagrange Cubic terms.

. Solver: UMFPack, Lagrange Quadratic tems.

Since the simulation in the fluid section used two physics (heat transfer and fluid

dynamics), compared to simulation in the solid section that uses only one physics (heat

transfer), it was expected that to achieve a higher accuracy the mesh has to be mostly
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concentrated in the regions of high gradient which are the channel boundaries and the

beginning of the channel.

Unfortunately the maximum temperature of the solid surface cannot be found

analytically. But from Tables 4-7 and 4-2 it can be said that for this simulated structure

the converged value for AZ is about 19 'C. Figure 4-1 shows the variation of the thermal

resistance versus the number of elements. As observed, the overall thermal resistance

changes by less than 1 .3 Yo, as the number of elements changes from 164,317 to 708,986.

All results presented in this thesis were generated using the number of elements in this

range.

Uniform mesh
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Figure 4-I.Heat Resistance versus the number of mesh elements for the structure

described at the beginning of this section.

Mesh:concentrated in the channel
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4.2. Physical Consistency Test

Correct convergence of the FEM simulation solutions in this work can be

determined from their fit to the heat transfer formula for the heat sink structure given by

eq. 4-2. This relation says that the rate of heat gained by the fluid is equal to the rate of

input heat through the hot boundary (Conservation ofenergy) 1521.

q" *(14/L)= rhC ¡ LT¡ (4-2)

where LT¡ is the total temperature difference between the incoming water and the

outgoing water, and ù is the mass flow rate. In all cases the solution convergence was

found to be within+ 0.2Yo.

4.3. Comparing with Analytical Results

The first comparison with the analytical results was performed and is reported in

section 4.1 where the simulated pressure drop was compared with the analytically

calculated value.

The other way for examining the validity of the simulation result is to draw a

parameter named Nusselt number and comparing it with the predicted value in the

literature. The Nusselt number is a parameter that is related to the heat absorption

capability of a fluid flowing in a channel from its solid boundaries. It depends on several

parameters such as channel size and aspect ratio, type of fluid and its mean velocity and

temperature.

In order to do this Nusselt number comparison, a simple microchannel was

considered with a channel height and width of 50 ¡rm and a fixed temperature of 360 K at
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the boundaries. The fluid mean velocity was 1 m/s and the temperature of the incoming

water was 300 K. A parameter named bulk temperature is def,rned as [52]:

lwrdA
ATuQ) = (4-3)

lwaa
A

Bulk temperature is the average temperature of the fluid passing through a plane

I perpendicular to the direction of fluid flow along z axis. Of course this temperature is

weighted with the mass flow rate. The bulk temperature, 76, is a function of z and these

integrations are done over the flat surfaces inside the channel and perpendicular to the

fluid flow. The bulk temperature calculated for the above mentioned simulation is

sketched in Figure 4-2. This figure shows that the bulk temperature of the fluid increases

gradually from 300 K and reaches the wall temperature (360 K).

J/U

360

350

340

0.4 0.5 0.6

Z (cm)

Figure 4-2. The bulk temperature along a microchannel for which Wc : Hc: 50 ¡rm, and

w,,,: 7mls. The incoming water temperature is 300 K and the walls temperature is 360 K.
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Using the calculated Tt the value of the axially local heat transfer coefficient

(hø,où can be found which is defined based on the bulk temperature as [56]:

Q'lo,ot
htornt = (4-4)

T* -Tu

where qî*", isthe local heat flux at the wall (unit: Wm2; and T,,v is the wall temperature

(360 K). In COMSOL the value of q'l*o, for each boundary can be observed using the

post-processing menu. This function is averaged over the perimeter of the channel [56]:

!h,",,,dc
h== (4-s)

The local Nusselt number is defined based on h, as [56]:

Nur,.,. (4-6)

Nusselt numbers in the literature are sketched versus a dimensionless coordinate called z*

which is defined as [56]:

*z
D,, RePr

Io,
C

_h,Dn
k"
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This is done in order to make the sketched Nusselt number curve independent from the

Reynolds number and the sizes of the channel. It depends only on the aspect ratio of the

channel. The Prandtl number (Pr) is a parameter of the flowing fluid defined as [52]:

u,C,pr - !--!---.1
kf

(4-8)

The value of Nur,1 for the above mentioned simulated channel is sketched in

Figure 4-3. As observed, Nu,,1 reaches approximately 3.8 at the end of the channel.

Figure 4-3 shows the data calculated by Lyczkowski et al presented in [55]. According to

this numerically calculated data, the value of Nu,,r has to reach to about 3 (exactly

2.975). There are two main reasons for this difference. First reason is that the handbook's

data is for a large value of Reynolds Number (above 1500), while the Reynolds number

of the simulated structure is only 56. This causes the difference between the curves at

their beginnings. The second reason is that the sections along the simulated structure are

not small enough to obtain aprecise result. This causes the difference af the end of the

cufves.
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Figure 4-3. Nur,r for a microchannel with Wc : Hc: 50 pm, and w,,,: lm/s. The

incoming water temperature is 300 K and the walls temperature is 360 K.

4.4. Comparing the Results of COMSOL Simulations with the

Results of Another Software

Another way to verify the results of simulation with a program is to repeat the

simulations with another program and compare the results. For this purpose the

COMSOL results were compared with the results of simulation with ANSYS CFX.

Figure 4-4 shows the fluid velocity across the microchannel simulated with two

softwares. It is the same structure simulated in section 4-1. The mean velocity for both of

these cases is set to be 7 mls. V/ith integrating the velocity across the channel using these

6t-
N

Jz
b

2
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curves an calculating the mean velocity, the following values are obtained which are very

close to the set value:

w,,, (COMSOL¡ : 6.972 m/s

w,,, (ANSYS CFX) :1.024 mls

The pressure drop that ANSYS gives is 7. 103 x 10s Pa which is very close to the

analytical result. The velocity profiles are very close to each other. As the pressure drop

values were verified in section 4-1, and the fluid velocity here, the COMSOL simulation

results for fluid dynamics is in agreement with ANSYS.
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Figure 4-4. Fluid velocity across the microchannel simulated with COMSOL and ANSYS

CFX.
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Some of the simulations performed with COMSOL were repeated with ANSYS

CFX and the results are shown in Table 4-3. The temperature difference between the

hottest point of the surface and the base temperature (300 K) for each simulated case is

shown in this table.

Table 4-3. Temperature rise for different materials and fluid mean velocities simulated

using two different softwares. Mesh number of elements is greater than 500,000 for all

cases. Other conditions are Hç: llc: S: Hr: HB:50 ¡rm, L: I cm, Q" 
: l00Wlcm2.

As observed there is a -5 "C difference between the results of two softwares.

However, the trend is the same for both and they change in the same way. To investigate

more about this difference; temperature across the microfluidic heatsink (from its bottom

Temperature Rise (K)

v,n 2 mls 7 mls 14 m/s

ANSYS CFX

Results

Cu 57.0 24.3 t7.0

Si 58.4 25.0 t7.5

Ni 59.1 25.5 18.0

COMSOL Results

Cu 52.1 19.3 t2.1

Si 53.0 19.7 12.5

Ni 53.1 20.2 12.9

Results Difference

Cu 4.9 5.0 4.9

Si 5.4 5.3 5.0

Ni 5.4 5.3 5.1
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to top) is sketched in Figure 4-5. From this f,rgure it is inferred that there could be a

problem with the simulated heat transfer at the fluid-solid interface for at least one of the

softwares. Figure 4-4 shows that there is almost no difference between the fluid velocity

profiles across the channel simulated by two softwares. Therefore the temperature

difference should be due to heat transfer simulation.
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Figure 4-5. Temperature across (bottom to top) the microfluidic heatsink simulated with

COMSOL and ANSYS CFX.

In ANSYS CFX and COMSOL, solid and fluid sections were meshed separately.
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softwares and the results were exactly the same. This showed that when using only the

heat transfer physics, there is no problem, but when combining two physics (heat transfer

and fluid dynamics) the temperature results don't match.

From comparison of the simulation results of two softwares it is concluded that

while their absolute temperature results don't agree, the trend of their variation with

change in the simulation parameters is in agreement and can be relied on.

4.5. Comparing with Experimental Results

The experimental results in the literature for heat sinks with rectangular

microchannels at these dimensions are available mostly for silicon and not for copper or

nickel. The important problem in comparison of simulation results with experimental

results in the literature is that in almost all papers that report experimental results, some

parameters are missing. For example in [25] the values of Hr and Ha have not been

mentioned.

Two experimental structures for silicon microfluidic heatsinks found in the

literature were simulated by COMSOL. These two cases have been used for comparison

of results by several other authors too. The results can be seen in Table 4-4. The

simulation results are in very good agreement with the experimental results, especially

with the results of Kawano et al1251.

The small observed differences can be due to some parameters like the thermal

resistance of the contact between heat sink and heat source (which has not been taken

into account in the simulations of this work), as well as other experimental factors.
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Table 4-4: Comparison of some simulations presented in this thesis with experimental

results for fabricated microchannel devices presented in the literature.

Reference Material
L

(mm)

W

(mm)

Wrt

(pm)

Hr:

(pm)

s

(pm)

H7

(pm)

Fluid

Flow

Rate

(cm3/s)

Mean

Fluid

Velocity

(m/s)

Thermal

Resistance

lrcm2/w)

AP

(bar)

This work Si 15 t5 57 180 43 100 2.5 2.215 0.23 0.94

Kawano

et al

lzsl

Si 15 l5 57 180 43 2.5 2.2t5 0.2

This work Si l0 t0 50 302 50 100 8.6 5.695 0.066 2.45

Tuckerman

and Pease

t8l

Si l0 10 50 302 50 100 8.6 5.695 0.09 2.01
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Chapter 5

Investigation of Heat Exchangers with

[Iniform Heat Source

5.1. Basic Simulations

The first investigation undertaken was to investigate and compare heat sink

performance as a function of material thermal conductivity for copper, silicon, and

nickel. The following simulationparameters were considered Hn: Hr:50 ¡rm, S:50

Vm, Wc: 50 ¡rm, and T¡,: 300 K. The input heat flux applied at the top of the structure

was q" = i00 Wcm2. Four channel heights were considered, Hç: 50 ¡rm, 100 pm, 200

¡rm, and 500 pm, and three mean fluid velocities were simulated, wr,: 2 m/s,7 m/s, and

14 m/s. Figure 5-1 shows the results of these simulations. All of these values for the

physical parameters are selected due to their consistency with the structure of IC's and

prior investigations of microfluidic heat sinks [8, 15, 17, i 8, 19, 20, 25, 27, 56, &. 571.

Figure 5-1 is the case with channel height Hç: 50 ¡rm. The temperature along the

1 cm top surface (Point A in Figure 3-2) of the heat sink is plotted for the three materials

and mean fluid velocities. The results show minimal difference, in terms of surface

temperature, as a function of heat sink material. Mean fluid velocity is a significant

parameter, however, with a large surface temperature reduction obtained by increasing

mean fluid velocity from 2 mls to 7 mls. This is expected as alarger mean fluid velocity
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results in increased cooling fluid's mass flow rate passing through the heat sink.

However, it is observed that the surface temperature of the heat sink does not reduce in

proportion to the increase in fluid's mass flow rate. For example, at the mid point of the

heat sink z : 0.5 cm, it is observed thaf at w,, : 2 m/s the temperature increase is .'30 oC,

while when yt,nis increased 3.5 times to 7 mls, the temperature increase is -12"C, an

improvement in perforrnance of only 2.5 times. Increasing the velocity further to 14 m/s

provides further temperature reduction; however, the percentage benefit is again reduced.

The corresponding fluid's mass flow rate through the heat sink is 15 mllmin for w,,,: I

m/s, 105 mllmin fot w,,,:7 mls, and2l0 mllmin for w,,: 14 m/s.

o.2 0.3 0.4 0.5 0.6 0.7 0.8
Z Axis: Along the Channel (cm)

Figure 5-1. Temperature along the 1 cm heat sink surface with Wc: 50 ¡rm and Hç: 50

pm as a function of channel height, heat sink material, and mean fluid velocity.
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Figure 5-2 illustrates the fluid temperature inside the copper microchannels, from

their center to the right side, for the cases simulated in Figure 5-1. This data is from the

end of the I cm long microchannel, where the fluid has reached its maximum

temperature. As observed, for wr, : 2 m/s, the temperature of water is between about 342

K at the middle of the channel to 350 K at the boundary. However, fot w,,,:7 mls,the

temperature is changing from 307 Kto 318 K from middle to boundary. The temperature

difference here is considerably higher, especially in percentage. Again, it is observed that

for w,n: 14 mls there is alarge temperature difference (from 302K and3I2 K), and also

10 15 20 25 30 35 40
X Axis: Across the Channel (um)

Figure 5-2. Temperature profiles of the fluid within the microchannel at the end of the

copper heat sink ofFigure 5-1.
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that the center of fluid has only increased 2 degrees in temperature. This analysis is

significant as it illustrates that with higher velocities, poorer utilization of the fluid's total

thermal mass occurs. This explains why the surface temperature of the heat sink in the

simulation of Figure 5-1 does not reduce in proportion to the increase in mean fluid

velocity.

The inefficient utilization of fluid thermal mass with increasing fluid velocities

does, however, indicate that there is opportunity to improve heat sink performance at

high fluid velocities if the flow regime in the channel were turbulent. Furthernore, Figure

5-2 shows that this performance improvement would be increasingly significant with

increasing the mean fluid velocity.

It is also observed in Figure 5-1 that at the start of the channel (e < 0.icm) there is

a change in the slope of the temperature along the channel length. This is also visible at

the end of the channel, but to a lesser degree. This behavior is in agreement with classic

heat transfer theory, and is due to the boundary condition for all sidewalls being

thermally isolated, and so the derivative of temperature is zero at both ends of the

channel.

The simulations of Figure 5-3(a) have the charurel height increased to Hç: 100

¡rm. Comparing Figures 5-i and 5-3(a), it is seen that doubling the channel height results

in a reduction in heat sink temperature rise approximately in proportion to the increase in

channel height. This relationship is expected since the doubling of the heat sink channel

height, results in a doubling in the amount of fluid's mass flow rate. Figure 5-3(a) also

shows that heat sink material againplays a minimal role in temperature.
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The simulations of Figure 5-3(b) are for the channel height increased to Hc : 200

pm, representing a microfluidic channel height to width ratio of 4:1. Now more benefit is

observed in using higher thermal conductivity materials for the heat sink, as a percentage

of heat sink temperature rise. The simulations of Figure 5-3(c) have Hç : 500 pm,

representing a microfluidic channel height to width ratio of 10:1. The benefit to using

higher thermal conductivity materials is now significant, with the difference in

temperature rise between nickel and copper heat sinks for fluid velocities of i4 m/s

nearly a factor of two. For a given material, however, it should be noted that the

reduction of heat sink temperature rise is no longer in proportion with the increase in

channel height, with the benefit dropping with progressively increasing channel height.

This illustrates that while fluid's mass flow rate is increasing with increasing channel

height, the ability of lower thermal conductivity materials to distribute heat becomes a

factor for large channel height ratios.
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Figure 5-3. Temperature along the 1 cm heat sink surface withWc: 50 ¡rm as a function

of channel height, heat sink material, and mean fluid velocity. (a) Result for Hc: 100

pm.(b) Result for Hç:200 pm.(c) Result for Hç:500 pm.

5.2. The Effect of Channel Height and Fluid Mean Velocity on

Thermal Resistance of the Heatsink

The conclusions found from the analysis of Figures 5-1 and 5-3, regarding the

effect of thermal conductivity and microfluidic channel height to width ratio on heat sink

performance can be more clearly seen upon consideration of the thermal resistance of the

structure. Figure 5-4 shows the calculated thermal resistance for the simulated structures.

The overall thermal resistance was calculated using equation (5-1):
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'r _T
Thermal Resistance - ' max 'rr

q"
(5-1)

where Tu,o, is the temperature of the hottest point of the heat sink, which is normally the

point at the end of the flow and on the surface adjacent to the heat source, and T¡, is the

inlet temperature of the water, which was fixed at 300 K.

Figure 5-4(a) shows the Thermal Resistance as a function of mean fluid velocity,

channel height, and heat sink material. Figure 5-4(b) is the same data, plotted with

channel height as the x-axis.
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Figure 5-4. Overall thermal resistance for the simulated cases of Figures 4 and 6 versus

mean fluid velocity (w,,,), channel height (II), and the solid material. (a) Mean fluid

velocity as the x-axis. (b) Channel height as the x-axis.

The percentage reduction in Thermal Resistance of nickel and silicon compared to copper

is shown in Figure 5-5, as function of channel height and mean fluid velocity.

50 100 150 200 250 300 350 400 450 500
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These figures clearly show that the benefit of high thermal conductivity materials

is minimal for small channel height to width ratios, and only becomes significant with

larger channel height to width ratio. Also observed, is that the benefit of increasing

channel height to width ratio is more significant at greater fluid velocities. For the

channel height of 200 pm, using copper instead of nickel, improves the thermal resistance

by 25 o/o for a 74 rrls mean fluid velocity. This increase is close to 50 Yo for the channel

height of 500 ¡rm.
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Figures 5-a@) and 5-4(b) clearly illustrate the benefit of higher fluid velocities.

An important observation, however, is that the reduction in Thermal Resistance is not

constantly proportional to the increase in mean fluid velocity (and associated fluid's mass

flow rate). Rapid reduction of Thermal Resistance is seen when increasing mean fluid

velocities from 1 m/s, while the reduction to Thermal Resistance is minimal when

increasing velocities beyond, for example, 10 m/s. The cause of this is the inefficient

utilization of total fluid thermal mass, as was illustrated in Figure 5-2.

5.3. The Effect of Channel Separation Distance on Thermal

Resistance of the Heatsink

The other parameter that was investigated was the separation distance (,9) between

the fluid filled channels. The channel separation distance affects the heat sink

performance in two ways. First, a larger separation distance means that fewer fluid

cooling channels are present. This would be expected to reduce the Thermal Resistance

performance in proportion to the loss in fluid mass, for situations where heat is efficiently

transferred to the total mass of the fluid. Refening to Figure 5-2, it is seen that at the low

average fluid velocity of 2 m/s the fluid exiting the channel has a nearly uniform

temperature, while at the higher average fluid velocities of 7 mls and 14 m/s heat

transferred to the fluid is not uniformly distributed. Accordingly, it would be expected

that the Thermal Resistance of the heat sink would increase in similar proportion to the

loss of fluid mass for low fluid average velocities around 2 rnls, and less so for higher

fluid velocities. Figure 5-6 is a simulation of thermal resistance as a function of channel

separation distance S for a heat sink containing fluid channels with Wç: 50 ¡tm and Hç:

55



50 pm. For a given mean fluid velocity, the cases where S changes from 50 ¡rm to 150

pm are compared, representing a reduction in fluid cooling mass by a factor of 2. At the

low average fluid velocities of 1 m/s and 2 m/s as expected a îear doubling in Thermal

Resistance is observed, while the increase is reduced at the high fluid velocities of 7 rnls

and 14 m/s. This is in agreement with the above discussion.

2
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w =7mlsm\:

25 50 75 100 125 150
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Figure 5-6. Thermal Resistance versus channel separation distance (^! for a 1 cm heat

sink with Hc: 50 prm and Wc: 50 ¡rm. Four sets of dafa are shown for four different

mean fluid velocities.
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5.4. Discussion

The above discussions of Figures 5-l to 5-6 show that improved performance can

be gained by increasing total fluid's mass flow rate. The following discussion compares

the benefits of increasing fluid's mass flow rate by increasing channel height versus

increasing the number of microchannels via a reduction in channel edge-to-edge

separation. Table 5-1 shows the simulated temperature difference (T.u* - T¡n) between the

maximum temperature on the surface of the heatsink and the entering cooling fluid, as a

function of fluid's mass flow rate, channel height, and channel spacing. Channel width is

Wç : 50 ¡rm for all simulated cases. Investigating the results of Table 5-1 shows two

prominent conclusions. First, for a given fluid's mass flow rate passing through the

microchannel heat sink, decreased channel separation provides superior benefit over

increased channel height. It should be noted, however, that this result is due in part to the

fact that each additional microchannel adds additional top and bottom surfaces, which

augment conductive heat transfer into the fluid.

Second, examination of the simulations fot w,,,: 14 m/s reveals some limitations

to performance. It should be recalled that at this fluid average velocity, heat transferred to

the fluid is not uniformly distributed throughout the total mass of the fluid. Compare the

results for the cases were Hs:200 pm. It is important that the following comparison be

done for identical 11, since fluid velocity distribution within a microchannel depends on

Hç and Wç ratio. For ,S : 100 ¡rm and Hc : 200 pm (the ratio of Hç to,S equals 2:i),

nickel achieves no further improvement in perfoffnance when increasing Hç to 500 ¡rm.

In fact simulations imply the performance degrades. For S : 50 prm (the ratio of l1c to S

equals 4:1), silicon achieves no further improvement in perforrnance when increasing 116,
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to 500 ¡rm. For S:25 ¡rm (the ratio of Hçto S equals 8:1), copper appears to reach a

performance limit. It is worth noting that these performance limits as a function of Hç to

,S ratio, appear to be in proportion to the respective differences in thermal conductivity of

nickel, silicon, and copper. This implies that narrow microchannel separation S restricts

the ability for heat to transfer to the sidewalls of microchannels when Hç fo S ratio

becomes appropriately significant.
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Table 5-1. Simulated temperature difference (T** - Ttn) between the maxlmum

temperature on the surface of the heatsink and the entering cooling fluid, as a function of

fluid's mass flow rate, channel height, and channel spacing. Channel width is [4/ç: 50

pm.

Hr:50 um Ilr = 100 um Hc:200 u.m fIc: 500 Pm
Zmls I 14mls 2 m/s 14 rnls 2 mls 14 mls 2 rnls 14 m/s

i;:îì.:.].riìi..Èr::;]:I Ìììir:'raii r). :1::ril

,S = 25 pm

Cu 39.4"C 9.2"C 213"C 5.8"C 11.5"C 3.7"C 8.1'C 3.6'C
Si 40.1"C 9.6C 22.00c 6.4"C 12.5"C 4.5"C 10.1"C 5.2"C

Ni 40.8"C 10.1"C 22.8'C 7.1"c 13.8"C 5.60C 12.5"C 6.9"C
Fluid

Mass Flow
Rate

(ml/sec)

0.67 4.67 I.JJ 9.33 2.67 18.7 6.67 46.7

S:100 pm

Cu 17.9'C 4r.5'C I 1.1'C 2r.8"C 6.5"C 14.i'C 5.4"C

Si 18.4'C 42.5"C 11.5'C 22.7"C 7.loc 15.4"C 6.4"C
Ni 18.8'C 43.2"C 12.r'c 23.5"C 7.8"C 16.9"C 7.80C

Fluid
Mass Flow

Rate
lml/sec)

2.33 0.67 4.67 1.33 9.33 J.JJ ¿).)

i:|.:t ,r;i:¡:1.:1.::::,:t!i/Lii.rai"l:.: :r'i.'i:Ì1:ti:):!.t)!rt:'lat:::t:,i;:1;Èiti;ïif:til. :ìl:-:::ä:':;¡.-i: itrilj,.ì
t't.:rr,:t:.r;:'...!:j|;:.:tì.¿ltìlìrlì\:ri¡,'ii':i:ì:r:r:i¡ìlnt i'"r

ii:::i:l::ì:i:::iìiill-Ìiilì

S= 50 pm

Cu 52.1"C 12.r"c 28.0'C 7.50C 74.9"C 4.50C 9.9"C 4.0"c
Si 53.0"C 12.5"C 28.8'C 8.00c 15.7"C 5.2"C rl.4"c 5.3"C
Ni 53.7"C 12.9"C 29.5"C 8.6'C 16.7"C 6.1oc 13.2"C 6.8"C

Fluid
Mass Flow

Rate
(ml/sec)

0.5 3.5 i 7 2 I4 5 35

S= 150 p.m

Cu 23.7"C 54.9"C 14.6"C 28.7'C 8.40C 13.7"C 5.2"C
Si 24.3"C 56.2"C 15.1'C 29.7"C 9.10C 14.8"C 6.0'c
Ni 24.9'C 57.1"C 15.7"C 30.7"C 9.80C 16.0'c 7.0"c

Fluid
Mass Flow

Rate
lmllsec)

t.75 0.5 3.5 7 2.5 t7.5
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Chapter 6

Investigation of Heat Exchangers with

Discrete Heat Source

6.1. Simulations

The second investigation undertaken in this work was to study heat sink

performance when a non-uniform heat source is present on the heat sink surface.

Simulations were performed for heat sinks with microchannels of height Hc : 50 pm,

width [tr/ç: 50 pm, and edge-to-edge separating distance S : 50 pm. The heat flux at the

top surface was q": 100 Wlcm2, except in the center region of length L¡1o¡.Inthis hot

spot region, two cases were considered. For Laot: I mm, the input heat was 1000 Wcm2,

and for LHot:3 mm, it was 500 Wcm2. The thickness of metal below the microchannels

was Hs: 50 ¡rm, while the thickness of metal above the microchannels Hrwas varied.

There are two mechanisms affecting the peak temperature of the hot spot. One is

simply the heat conduction lengfh through the solid material between the heat source and

the fluid, which increases with increasing top layer thickness (Ifu). This mechanism will

work to increase the peak temperature in the hot spot region with increasing thickness -Ë1¡.

The second mechanism is axial conduction. This mechanism decreases the peak

temperature as Hr increases, and its influence depends on the thermal conductivity of the

solid material. These two mechanisms compete with each other, and depending on the

conditions, one of them may dominate. The following simulation results illustrate this
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concept, and reveal the design parameters that obtain the minimum peak temperature at

the hot spot.

In order to illustrate temperaturc (f) along the structure and its variation with

different parameters, such as the mean axial fluid velocity (w,,), the solid material, and

the heat sink top surface thickness (H7), the temperature rise above ambient along the

channel at position "4" of Figure 3-2 is plotted. In all cases inlet fluid temperature is

equal to the ambient temperature (300K). Figure 6-1 shows the temperature rise on the

surface of the heat sink along the channel þoint A) for a 1 mm hot spot centered at z :

0.5. This temperature has been sketched for two velocities, w,,: 7 in Figure 6-1(a) and

14 mls in Figure 6-1(b). For a better comparison, the surface temperature rise of the

copper heat sink for the basic situation (without hot spot) is sketched as a dotted line.

As seen in Figures 6-1 and 6-2,in all cases, the maximum temperature happens

almost at the end of the hot spot region (z : 0.55 cm for the i mm hot spot, and z : 0.65

cm for the 3 mm hot spot). It is also observed that by changing the solid material from

nickel to copper, heat is spread more and the axial conduction is larger, because copper

has a better heat conductance. Hence the peak temperature decreases.

In order to investigate the effect of the top layer thickness (1fu), simulations were

done for different values of the top layer thickness. In Figure 6-2, the temperature rise on

the surface of the copper heat sink along the channel (position A) with a hot spot centered

at z:0.5 cm was simulated for a few values of top layer thicknesses (11¡) and mean fluid

velocity of w,, : 14 m/s. In Figures 6-1 and 6-2 it is observed that the hot spot

considerably increases the temperature at the hot spot location and downstream from it.
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The hot spot peak temperature depends a lot on the heat sink material, but the surface

temperature after the hot spot does not.
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Figure 6-1. Temperature rise of the surface of the heat sink along the channel with a i

mm wide hot spot centered at z:0.5 cm fot Hç: 50 ¡rm, Wç: 50 pm, and H7: 50 pm.
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Figure 6-2. Temperature rise of the surface of the copper heat sink along the channel with

a hot spot centered at z : 0.5 cm for Hç: 50 pm, Wç : 50 lrfr, wn: 14 mls, and three

thicknesses. (a) I mm hot spot (b) 3 mm hot spot.
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6.2. Discussion

Figure 6-3 plots the peak temperature rise as a function of heat sink material and

H7 for a 1 mm hot spot, fot w,,,: 7 mls and 14 m/s. These results are summarized in

Table 6-1. In each column of this table, the minimum temperature rise for each material

is written with bold font. Several points are observed in this table:

1. Although the mean axial fluid velocity doubles ftom 7 to 14 m/s, the peak

temperature rise is not reduced by the same factor. This result is consistent with

the earlier analysis for the uniform heat source condition.

2. The effect of the thickness (Hr) of the solid layer on top of the channels can be

easily observed. As observed, silicon and nickel achieve the lowest peak

temperature at around 50 pm and25 ¡rm, and performance reduces noticeably for

H7:150 ¡-tm.

3. For copper, the minimum peak temperature depends on the mean fluid velocity.

Fot w,,,: 7 m/s, the optimum Ilr is 300 ¡rm, while for vt,,,: 14 m/s, the optimum

l17 is 150 pm.
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Table 6-1. The peak temperature rise due to 1 mm and 3 mm the hot spots for the

different simulated cases.

Hot Snot Width: I mm Hot Snot Width = 3 mm
w,,r(mls\ 7 L4 7 t4

Hr= 5 um Ni s8.34 4t.01

Hy: l0 ¡tm
Cu 47.21 32.49 31.23

Si 52.74 36.5r
Ni 57.16 39.94

Hr= 25 um Ni 56.53 39.55

H7= 50 pm
Cu 45.53 3r.46 30.92

Si s1.91 36.21

Ni 57.53 40.91

fft: 100 pm
Cu 44.63 31.23 30.87
Si s2.55 37.58
Ni 60.36 44.56

flr= 150 pm
Cu 44.11 31.17 30.95

Si 53.40 39.01

Ni 63.27 48.09

Hr= 200 um Cu 43.18 3r.28 31.05

Ilr= 300 um Cu 43.s4 31.61

Hr:400 pm Cu 43.59

Ilr:500 um Cu 43.82

The thickness l1r where the minimum peak temperature occurs is when the

competing effects of heat spreading (due to material thermal conductivity) and heat

conduction length (due to increasing top layer thickness H7) are optimum. These two

mechanisms are related to two heat flow passages for the input heat. As shown in Figure
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6-4,partof the thermal energy after entering the heatsink goes directly toward the fluid in

the channel, and part of that goes in the axial direction (upstrearn or downstream). The

amount of hot spot heat which goes upstream is higher than the one going downstream,

because temperature in the upstream is lower.

Figure 6-4. Two directions of flow of the input heat from the hot spot.

6.3. Summary

It is interesting to observe from Figure 6-3 and Table 6-I that the optimum

thickness for the top solid layer (H) for each heat sink varies approximately in

proportion with the ratios of the thermal conductivities of the heatsink solid material. For

the simulated cases, nickel and silicon achieve the lowest peak temperature at around 25

pm and 50 pm respectively, and performance reduces noticeably for H7: 150 ¡rm. This

is in proportion to their thermal conductances which are 90, 148 and 401 WmK. This can

be explained by considering the flow of the input heat from the hot spot in two directions.
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Chapter 7

Investigation of Transient Behavior of

Microfluidic Heatsinks

7-1. Importance of Transient Study of Microfluidic Heatsinks

In this chapter the transient behavior of a microfluidic heatsink is studied and

discussed. Transient response of the heat sink is important, because heat input in an IC is

often dynamic with transient nature. It is the transient characteristics and behavior of the

heat sink that determines the surface temperature profile in response to the dynamic heat

input. It is important to know how fast the heatsink temperature changes with the

variation of the input heat. It is also important to characterize how this transient behavior

depends on the structure of the heatsink and the thermal conductivity and thermal

capacity of the materials of the heatsink.

7-2. Simulated Cases

For transient analysis, a time dependent term is added to equations 3-5b and 3-6:

. ( a'r â2T a'r\ - ôT
drl ¡ T--:;l r l=P.L.-l-\à- q- oz- ) ol
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(7-2)

The UMFPACK solver in COMSOL was used for these simulations, since the

BiCGStab solver was too slow for time dependent simulation. All simulations were in

transient state (Time dependent mode) and three dimensional. Since the simulations used

two physics (heat transfer and fluid dynamics), they consumed a large amount of memory

and time. This is one of the reasons why very few papers can be found on transient study

of microfluidic heatsinks.

7-3. Transient Response of the Heatsink to Uniform Heat Step

Function

First, a uniform heat step function, u(t) : 100 Wcm2, was applied to a copper

heatsink surface with Hc : Hr: Hs: Wc : S : 50 ¡rm and w,,, : J mls. The result of the

transient simulation is sketched in Figure 7-1. As observed, it takes less than 30 ms for

the temperature of the hottest point of the surface, which is at the end of the heatsink, to

reach the steady state value.

In Figure 7-2 a first order exponential curve is fitted (with the method that is

going to be explained) to this transient simulation. We can see that the simulation

transient response is close to that of the fitted first order exponential curve.

dr dr ar dr kr ( a'r â2T a'r\
--r 

u---v-¡ ¡v-:-l ) -T-^--;t 
^ , Iâr & A A prcr\dx' ây' ât')
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Figure 7-1. Temperature of the hottest

surface of the heatsink, versus time (w,,,
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Figure 7 -2. Transient response of the heatsink to an input heat step function compared to
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Figure 7-3 proposes a first order RC circuit model for the heatsink where Rtr, is

equivalent to the overall thermal resistance of the heatsink and Ctn is equivalent to its

overall thermal capacitance, and the input current (Is) is equivalent to the inputheat (q').

This circuit model is described by equation l-3 where T¡,, the initial temperature of the

heatsink and the temperature of the input water (300 K) is considered as the base

temperature.

Ctn

Figure 7-3. ArRC circuit that can be modeled by a first order differential equation.

T^*Q)-7,, Rt¡Ctt,

(7-3)

From circuits theory we know that after 4 time constants (t: RC) T,,*(t) reaches

98 o/o of the final value. The final (or steady state) value of Tro*(t) also depends solely on

the thermal resistance. Therefore in order to find R¡¡ and C¡¡ fuom the step function

response of the heatsink the following steps are taken:

- R,rq"(I-'
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i. First from the final value (steady state) of T,,o*(t) thermal resistance is calculated.

R,n =
T^^*(æ)-Tin

(7-4)
q

2. Then from the time that it takes in the simulation result for the curve to reach9S o/o

of the final value, time constant (z) is calculated.

t(e8%)
(7-5)

3. From t and R¡¡ thermal capacitance is calculated:

(t-6)

For 36 cases (Materials: copper, silicon, nickel; wn : 2,7, 14 mls; and H7: 10,

50, 100, 150 pm) transient simulation was performed and Rtn and C¡¡ values were found

based on the time constant of the rise time listed in Table 7-1. The obtained thermal

resistances and capacitances for different simulated cases are listed in Table 7-2. In

Figure 7-4 the simulated transient temperatures in response to a heat step function input

and the temperatures obtained from the first order differential equation model are

sketched for 6 different simulated cases. These figures show that the first order

exponential equation is a good approximation for the heatsink and the first order RC

circuit model can be used as an equivalent model for the heatsink.

C,n =l
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Table 7-1. Time constants of the rise time for 36 simulated cases.

Time Constant

(ms)

w^(m/s) ) 7 L4

H7: l0 ¡tm

Cu t3.2 s.08 aa
J.J

Si 8.06 2.9 1.77

Ni 15 5.73 3.48

,É1¡: 50 Pm

Cu 18.1 7.08 4.7

Si t0.4 3.92 2.53

Ni 20.9 8.18 5.3

Ilr: 100 pm

Cu 24.3 9.67 6.34

Si 13.3 5.t7 3.39

Ni 28.4 1 1.3 t.J

Ift: 150 pm

Cu 30.3 11.7 7.66

Si 16.4 6.17 3.99

Ni 35.6 I4 9.01
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Table 7-2. Thermal Resistances (Kcm2/W) and Capacitances (J/Kcm2) based on curve

fitting for heatsinks with 4 different values of H7, 3 different values of fluid mean

velocity, and for heatsinks made out of copper, silicon, and nickel.

Thermal Resistance

(Kcm2/w¡

Thermal Capacitance

(J/Kcm2)

wm

(m/s)
) 7 T4 ) 7 t4

Hr: l0

pm

Cu 0.527 0.t94 0.r23 0.0250 0.0262 0.0268

Si 0.s34 0.197 0.t2s 0.015 1 0.0148 0.0142

Ni 0.s39 0.1 99 0.127 0.0278 0.0288 0.0274

Hr= 50

F,In

Cu 0.525 0.r94 0.124 0.0345 0.036s 0.0380

Si 0.534 0.199 0.1 28 0.0195 0.0197 0.0198

Ni 0.s41 0.204 0.r32 0.0386 0.0401 0.0403

Hr:100

pm

Cu 0.523 0.195 0.125 0.0464 0.0496 0.0507

Si 0.535 0.202 0.13 1 0.02s0 0.0256 0.02s9

Ni 0.545 0.209 0.r37 0.0522 0.0541 0.0532

Hr= 150

F,M

Cu 0522 0.1 88 0.121 0.0s80 0.062s 0.0633

Si 0.536 0.196 0.1 28 0.0306 0.0315 0.0312

Ni 0.548 0.206 0.137 0.06s0 0.0678 0.0658
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Figure 7-4. Simulated transient response of the heatsink to an input heat step function

compared to the closest first order exponential curves for 6 different cases.
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As observed in Table 7-2,in most cases, with increasing the fluid velocity, the

thermal capacitance increases. Also with increasing HTthe thermal capacitance increases.

These both are expected, because the overall thermal capacitance is directly proportional

to the total mass of the heatsink. The ratios of the thermal capacitances for the different

simulated cases are listed in Table 7-3.

Table 7-3. Ratios of Thermal Capacitances for different simulated cases.

Hot spot width: 1 mm

w^(m/s\ 2 7 t4

H7= l0 ¡tm
Cu/Si r.6s 1.77 1.88

Cu/Ni 0.9 0.91 0.98

11¡= 50 pm
Cu/Si r.17 1.85 r.92

Cu/Ni 0.89 0.91 0.94

11¡ = 100 pm
Cu/Si 1.86 1.93 1.96

Cu/Ni 0.89 0.92 0.95

Hy: 150 pm
Cu/Si 1.89 1.98 2.03

Cu/Ni 0.89 0.92 0.96
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Considering the numbers listed in Table 7-3 more quantitatively, it is observed

tha| at a specific fluid velocity for all values of Hr:

These relationships show that thermal resistance depends mostly on the fluid

velocity and it does not depend much on the heatsink material or H7. Opposite to R¡¡, the

thermal capacitance depends mostly on the heatsink material and H7, but doesn't change

much with the fluid mean velocity. As observed, Ct is determined mostly by the mass

and specific heat of the solid part of the heatsink, and not the fluid.

Table 7-4 shows the specific heat of the different materials used for the studied

heatsinks [53]. On the third column of this table the thermal capacitances of the volume

unit of these materials are listed. This value is obtained from equation 7-8 from the

specific heat and density of these materials:

Ctot: PCP

&¡(Cu) = &r,(SÐ = R¡,CIi)

Ct¡(Cu) = 2 Ctn(Si)

C1¡(Cu) is slightly less than C,r,G.Ji)

Ctn(Cu) :2.08 Crh(Si)

C6(Cu):0.87 C6O{i)

(7-8)

(7-e)

(7-10)

(7-1 1)

From Table 7-3 we can see that the thermal capacitances of the solid materials vary as:

(7-t2)

(7 -r3)

These relationships are similar to the relationships concluded from Table 7-3 (relationT-8

to 7-10).
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Table 7-4. Thermal capacitances of the materials used for the studied heatsinks.

Co (J/kgK) p (kg/m") C1o1(J/m"K)

Cu 385 8920 3,434,200

Si 7t0 2330 1,654,300

Ni 444 8908 3,955,152

Water 4181 1000 4,181,000

Comparing the ratios of Table 7-3 with the ratios of relationships resulting from

Table 7-4 (relations 7-I2 and 7-13) supports conclusion that C* is determined mostly by

the mass and speciflc heat of the solid part of the heatsink. It can be said that the origin of

copper's superior Ct to that of silicon is its higher density. The other concluded point is

that as observed in Table 7-3 for Cu/Si ratio, as H7 or the fluid velocity increases, the

ratios of the thermal capacitances get closer to the ratios of the thermal capacitances of

the solids (equation 7-12).

Table 7-5 shows the thermal capacitances of the different parts of the solid

heatsink. Comparing these values to the values of Ctn in Table 7-2 gives some

information about the dependence of the thermal capacitance of the heatsink on different

parameters. As observed, for H7: I0 ¡rm the thermal capacitance of all of the heat sink

solid body is very close to the total actual thermal capacitance of the heatsink, but for lf

> 100 ¡rm the thermal capacitance of the top and walls of the heatsink approximately

equals its total actual thermal capacitance. This shows that for small Hr, the entire

heatsink's solid body participates in heat transfer, but as Hr increases, the bottom plate
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and the bottom part of the walls do not transfer much heat, and their thermal capacitances

are not included in the total actual thermal capacitance of the heatsink.

Table 7-5.HeafCapacitances (J/Kcm2) of the solid parts of the heatsink.

C1¡1 of the

solid part

(J/Kcm2)

C1¡ of the top layer

and separating walls

(J/Kcm2)

Ch of the top

layer

(J/Kcm2)

Hy: l0 p,m

Cu 0.0292 0.0120 0.0034

Si 0.0141 0.0058 0.0017

Ni 0.0337 0.0139 0.0040

.Ift: 50 pm

Cu 0.0429 0.02s8 0.0172

si 0.0207 0.0124 0.0083

Ni 0.0494 0.0297 0.0198

11¡ = 100 pm

Cu 0.0600 0.0430 0.0344

Si 0.0289 0.0207 0.0166

Ni 0.0692 0.0494 0.039s

11¡: 150 Pm

Cu 0.0774 0.0602 0.0516

Si 0.0373 0.0290 0.0249

Ni 0.0891 0.0693 0.0s94
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Figures 7 -5 to 7 -7 show the transient surface temperatures of the heatsinks made

out of copper, nickel, and silicon in response to a uniform heat step function for three

mean fluid velocities of w,, :2,7 and 14 m/s. The other simulation parameters were:

Wç:50 ¡tm.

Hc: Hr: Hs:50 ¡rm.

S: 50 pm.

As observed, at the beginning of the transient condition the difference between

the maximum surface temperatures of copper or nickel and silicon heatsinks is

considerable. This difference happens due to the difference in the time constants of these

heatsinks as mentioned in Table 7-1. For example, atwm:2mls the time constants are

rcu = 18.i ms and 15¡ : I0.4 ms, a difference of 7.7 ms. Atw,,,: 14 mls the time constants

âre rçu = 4.7 ms and t5¡ : 2.53 ms, a difference of 2.17 ms. Hence at wn : i4 m/s the

maximum difference between the two surface temperatures is much less than that af w,,,:

2 mls. Since t¡¡ is close to tçu, transient surface temperatures of copper and nickel

heatsinks are similar to each other and the difference between them is about zero

compared to the difference between their temperature and temperature of the silicon

heatsink.
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Figure 7-5. (a) Surface temperatures of the microfluidic heatsinks constructed from

silicon, nickel, and copper in response to an input uniform heat step function withw,,,:2

m/s. (b) The difference between those three surface temperatures.
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7.4. Summary

The simulations of this chapter show that the surface temperature of the copper

heatsink in transient condition, and for variable heat input, is lower than the surface

temperature of the silicon and nickel heatsinks. Therefore, a conclusion is that the copper

heatsink is better for transient conditions, especially at high fluid velocities.

Another conclusion that can be made based on this study and data of Table 7-i is

that since larger H1 provides a larger time constant, and hence a lower peak temperature

on the surface of the heatsink during the rise time, larger values of Hr are more desirable

for transient conditions.

This study also shows that using a material with higher heat conductance is not

necessarily good if it possess a small heat capacitance. This is illustrated by the

simulations showing that the silicon heat sink performs poorer in transient situations than

the nickel heat sink.

Finally, it should be mentioned that with the knowledge of the time constant for

the heat sink and its transient characteristics, an IC chip can be designed in a way that its

heat pulses and the time difference between them are set so that the chip's peak

temperature doesn't exceed a certain limit.
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Chapter I

Fabrication of Metal Heat Exchangers

8.1. Fabrication of Microfluidic Heat Sinks

Microfluidic heatsinks are usually fabricated from two types of materials, silicon

and metals. Silicon is a cheap material, it has a good heat conductance, and it is a familiar

material in microtechnology labs, and the micromachining processes for it have been

already developed. The other advantage of investigating silicon for fabrication of

microfluidic heat sink is that integrated circuits are almost always fabricated on silicon

wafers, and the microfluidic heat sink structure can be fabricated on the other side of the

IC. For fabrication of microchannels in silicon, micromachining methods like anisotropic

wet etching and DRIE are used. Anisotropic chemical etchants like KOH etch silicon

with surface crystallographic orientation of <110> vertically. In this way, deep channels

with the depth of up to i000 pm and width of 1/5 of the depth have been fabricated [28].

Another way for fabrication of high aspect ratio microchannels in silicon is a process

called Deep Reactive Ion Etching (DRIE) which is a type of plasma etching. For using

this method, the surface crystallographic orientation of silicon can be anything. But

generally DRIE is an expensive method due to its complexity and the cost of its tools.

Using this method, microchannels with the depth of up to 200 ¡rm and width of l16 of the

depth have been fabricated [48].
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Metals like aluminum, copper, and steel also are used for fabrication of

microfluidic heat sinks. Microfluidic heatsinks in metals have been fabricated mainly by

mechanical methods like milling and drilling. The problem of these mechanical methods

is that very thin or high aspect ratio channels cannot fabricated easily. Most

microchannels that have been fabricated with these methods have low (less than or

around one) aspect ratio rectangular (close to square) cross-section or semi-circular cross-

section shape [58].

Metal microfluidic heat sinks can be fabricated by micromachining methods too.

These methods are based on either wet etching or electroplating. Using wet etching,

semi-circular (or semi-elliptical) microchannels are made on the surface of the metal

plate. The problem of this method (as will be shown) is that the channels have a very low

aspect ratio. In the other method, which is based on micro-molding and electroplating,

rectangular shape channels with low or high aspect ratio can be fabricated.

In this work mainly the method of fabrication using electroplating process has

been investigated and a process flow for fabrication of microfluidic heat sink out of

copper has been proposed.

8.2. Fabrication of Metal Microfluidic Heat Sink with Wet

Etching Process

One of the simplest methods for fabrication of microfluidic heat sinks out of

metal is based on chemical etching of metal. In this method, first the substrate is

patterned by a photoresist and then microchannels are etched into the metallic substrate.

For metals, isotropic etching using liquid chemicals is much easier than anisotropic
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etching. Then the channels are sealed by a cap layer, which is bonded or glued to the

substrate. Process flow of this idea is shown in Figure 8-1. Using this method,

microchannel structures out of metals like stainless steel, copper, and aluminum have

been fabricated. One problem of this method is that since isotropic etching proceeds in all

directions with the same rate, as the channels are etched in depth, etching proceeds

almost with the same rate toward the sides under the photoresist layer causing an under-

cut. Hence the maximum width of the channel will be almost equal to the photoresist

opening plus twice the channel depth. This under-cut causes the microchannel to be

semi-elliptic instead of semi-circular, and reduces the aspect ratio of the channels.

W SuOsrrare

NPnotoresist
ffiua layer

Figure 8-1. (A) Substrate with pattemed photoresist on

wet etching of metal. (C) Removing the photoresist.

bonding another layer on top of the substrate.

it. (B) Making the channels

(D) Covering the channeis

by

by

89



This etching method was tried with aluminum according to the following scheme:

1. The aluminum plate surface was polished with very f,rne sand paper (grit 2000).

2. Then it was pattemed with 1 pm thick layer of a positive photoresist, HPR 504.

3. The surface was etched using aluminum wet etch process. The Al etchant solution

containing phosphoric acid, acetic acid and nitric acid was obtained from Arch

Chemicals. The etching is done at 50 oC and the etch rate of aluminum at this

temperature is about 530 nm/min.

Figure 8-2 shows the cross-section of this structure. Microchannel and reservoirs

are etched and the through holes are drilled. In Figure 8-3 the top view of the fabricated

microchannels is shown. As seen in the image, the microchannels end at the reservoir that

is connected to inlet/outlet. In Figure 8-4 the profile of the etched channels is shown. This

image is obtained by Alpha-Step profiler. Since the etch window opening made by

lithography process was 50 pm, channels with the height (or depth) of about 60 pm and

the width of about 150 ¡rm were fabricated. As observed in Figure 8-4 the maximum

undercut etching on each side is about 75 pm (giving a maximum width of 200 pm for

the channels) and maximum etching at the depth is 65 pm.
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Reservoir

Through Hole

Figure 8-2. Cross section of the microchannel structure made by wet etching.

Microchannels and reservoirs are etched and the through holes are drilled.

Microchannels Through Hole

Figure 8-3. Photograph of the etched channels in Aluminum plate and the inlet/outlet

hole.

Microchannels
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This fabrication method has some problems:

Since the isotropic etching process has significant undercut, the fabricated

microchannels have semi-circular or semi-elliptic shape and have a very low aspect

ratio. This limits the performance of the microfluidic heatsink, because low aspect

ratio microchannels have a small area for heat transfer from solid to fluid.

Metal wet etching process is a hard to control process and leaves the microchannel

edges and surfaces rough and inconsistent. This can be observed in Figure 8-3 by

looking at the edges of the microchannels.

Due to these problems it was decided to focus the fabrication work of this thesis

on another method based on mold and electroplating.

2øs 3m

Figure 8-4. Profile of the etched channels obtained by Alpha-step profiler.
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8.3. Fabrication of Copper Microfluidic Heat Sink using

Electroplating Process

Microfluidic heatsinks can be fabricated using electroplating process too. In this

method, the channels or more correctly the walls between the channels are formed from

electroplated copper. Copper is selected due to its very high heat conduction compared to

other easily available materials, and lower cost than gold, which can also be

electroplated. A method for fabrication of copper microfluidic heat sink with

electroplating process is demonstrated. The main challenge is in the last step which is

removing the photoresist and covering the channels.

The first process flow that was investigated is illustrated in Figure 8-5. First, a

thin and flat substrate of appropriate size (a few cm'; is needed. For this purpose either

polished silicon wafers or copper plates were prepared (Polishing method is explained

more in section 8.3.1). Since for the electroplating process a conductive seed layer is

needed, when using a polished silicon wafer as the substrate it is necessary to deposit a

very thin (-0.1 pm) layer of copper (or gold) on the silicon substrate (Figure 8-5.4). This

can be done by sputtering or evaporation, and since copper doesn't adhere to silicon

directly, a thin (-10 nm) chrome layer also is used as an adhesion layer. Unoxidized

chrome adheres well to both silicon and copper.

A thick layer of a photoresist is then used as the electroplating mold. Thickness is

defined by the height of the micro-channels which are to be made. This thickness can be

from tens of microns to a few hundreds of microns. Using a lithography process, the
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photoresist layer is patterned to form the electroplating mold needed to define the micro-

channels (Figure 8-5.8).

Copper is then electroplated inside the mold on the surface (Figure 8-5.C). The

electroplating is continued, until the copper grows over the height of photoresist mold

(Figure 8-5.D). This over-growth process (often termed mushrooming) is continued until

copper covers the entire photoresist layer, thus, forming the top of the future micro-

channels. If desired, the top surface of the copper can be polished to smooth out the

mushroomed channel tops. Finally, the photoresist mold has to be washed away by an

appropriate solvent like acetone. After photoresist removal, the final structure is of

copper walled channels on the substrate surface (Figure 8-5.E).
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l-l substrare

Wcopper
N Pf,otoresist

Figure 8-5. (A) Coat substrate with electroplating seed layer. (B) Coat with molding

material and pattem it lithographically. In this work a spin-on photoresist is used. (C)

Electroplating the copper metal into the regions defined by the mold. (D) Continue the

electroplating over the mold to seal the top surface of the defined channel. (E) Remove

the photoresist mold, leaving the microchannels surrounded by copper walls and top.

In Figure 8-6 step-by-step covering of the mold by electroplating and so called

mushrooming process is demonstrated. The mushrooms grow, reach each other and

merge, and make the top solid layer.
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Figure 8-6. From top to bottom: Steps of covering the photoresist mold by mushrooming

process. The bottom half of each picture is just the reflection of the electroplated layer in

the mirror-like substrate.
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The problem with this method is that removing the photoresist from the covered

long and narrow channels is not easy. Ifjust the structure at the end of step 8-5.D is put in

the solvent (acetone), the photoresist will be dissolved extremely slowly. Using Shipley

Megaposit SPR 220-7.0 photoresist with channel height of 30 pm and channel width of

50 ¡rm even after 24 hours only a few tens of microns of photoresist along the channel

was removed. For solving this problem, there are four solutions:

1. Push the solvent (e.g. acetone) by pressure into one end of the microchannels

[59]. For the success of this technique the plated layer has to have a very good

adhesion to the substrate, or it has to be held by a strong external force against the

substrate during pushing the solvent.

2. Stop electroplating just before that the channels are totally covered and a small

distance of a few microns remains between the mushroom edges. Then wash the

photoresist, and continue the electroplating to cover the channels and form the top

layer with enough thickness. In doing this method a few microns of copper will

deposit on the internal surfaces of the channels also. In order to compensate for

this extra thickness on the walls, the walls can be designed naTrower in the

lithography step. This method was used to fabricate a microfluidic heat sink

structure by electroplating nickel [12].

3. Use a photoresist that tums into gas at elevated temperature, and so it can exit

through the inlet/outlet holes and the walls. For example Unity Sacrificial

Materials (from Promerus Electronic Materials) are a family of photosensitive

polymers (photoresisÐ that decompose into gas at temperatures below 250 "C. In
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[60] a microfluidic heat sink based on this method was fabricated. The problem

with this method is that only special types of photoresists can be used.

4. Instead of using mushrooming to cover the microchannels, bond a lid layer to

cover them. In this method, copper is electroplated as thick as the photoresist,

photoresist is removed, and then channels are covered by bonding another plate

on top of the microchannel structure.

The process flow based on the 4th solution is shown in Figure 8-7. Steps A-C of

this process flow are like the method explained in Figure 8-5. In step D of Figure 8-7,a

thin layer of tin (1-2¡rm) is electroplated on top of the copper layer, and also on another

plate (lid plate) which will be used to seal the channels. The photoresist is then removed

(Figure 8-7.E). After photoresist removal, the cover layer is put on top of the

microchannels and by increasing the temperature to above the melting point of tin,

232oC, and applying some pressure they will bond to each other (Figure 8-7.F). In Figure

8-8 the fabricated microchannel structure at the end of step E (before sealing) is shown.

In this case, the substrate is a 3 x 4.5 cm and 1 mm thick copper plate whose surface has

been polished. The width of the channels and the distance between them is 50 ¡rm and

two holes in the reservoir at the end of the channels have to be drilled to be used as the

inlet and outlet for water. These inlet and outlet holes can be made on either the bottom

plate or the top plate.

In Figure 8-9 a close-up photograph of the same copper microchannel structure is

shown. The height of the channels is about 20 ¡tmand their width is about 50 pm. Due to
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some extra electroplating, some mushrooming has happened and hence the width of the

walls appears larger than the channel width, due to the angle that this picture was taken.

f--lSubstrate NPhotoresist fllTin
Wcopper llllllid Plate

Figure 8-7. Process flow for fabrication of microfluidic heaf sink in copper. (A) Coat

substrate with sputtering seed layer on it. (B) Coat with molding material and pattern it

lithographically. In this work a spin-on photoresist is used. (C) Electroplating the copper

metal into the regions defined by the mold. (D) A thin layer of tin is electroplated on top

of the copper layer, and also on the lid plate which will be used to seal the channels. (E)

The photoresist is removed. (F) The lid plate is bonded to the substrate to cover and seal

the microchannels.
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Figure 8-8. Top view of the copper microchannel structure made by electroplating. Inlet

and outlet holes can be made at either bottom plate or top plate.

Figure 8-9. Photo of the side and top view of the copper microchannels. The height of the

channels is about 20 pm and their width is about 50 pm. Due to some extra

electroplating, some mushrooming has occurred and therefore the width of the walls from

top looks larger than the chan¡eis width.
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This micro-molding fabrication method has several important advantages over

cornmon methods of fabrication of microfluidic heat sinks in silicon and metal. This

process is cheap and is done at low temperatures; hence it can be integrated on the back

of electronic chips and sensitive devices. This method is applicable to any substrate,

including metals, or silicon wafers with any crystallographic orientation. Channels made

by the electroplating technique can have any shape and even be curved; while channels

made by crystallographic etching of silicon are limited in their geometry and can be only

straight.

This electroplating method allows the fabrication of much smaller channels in

metals compared to the milling method. By using smaller channels, more channels per

unit area can be fabricated, and since smaller channels have a larger surface area to

volume ratio, the microfluidic heat sink made by this method can transfer more heat. In

the next sections the details of the experimental work on this proposed fabrication

method are explained and discussed.

8.3.L. Polishing the Copper Substrate

Since the height of the microchannel structures which are fabricated on the

substrate is at least on the order of several microns, the roughness of the substrate has to

be very small. The reason is that large roughness deteriorates the fabrication process (e.g.

photoresist spinning) and occupies some volume of the fabricated microchannels. In

order to polish the copper plates, the following steps are taken:

i. A 1 mm thick copper plate is cut at the suitable size (for us, 3 x 4.5 cm2). Then

with a double sided masking tape it is mounted on amefal holder (Figure 8-10).
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2. The plate is polished with sanding paper with the grits of 300 (the roughest), then

600, then 800, then 1200, then 1500, and at last 2000 (the finest). The plate

obtained at the end of this step looks very smooth and had a roughness height of

10-100 nm as measured by Alpha-Step profiler.

Figure 8-10. The copper plate mounted on the metal holder for polishing.

There are some important points regarding polishing of copper plates.

1. copper, contrary to silicon, is a soft material. It can be bent, curved and

scratched easily. Hence it should be treated very carefully during and after

polishing. Even the residue of copper on the sand paper and polishing wheel can

scratch the surface. Hence water should always be running on the sand paper,

and the polishing wheel should be cleaned with DI water very often.
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The direction of polishing on the surface should be changed constantly. When

polishing with sand paper, when the sanding paper is changed to a finer one, the

plate should be polished in the direction perpendicular to the previous one. In

this way the grooves made by one sand paper will be polished and removed by

the finer one. When using a polishing wheel, the direction of the plate surface

on the wheel should be changed and rotated constantly. Keeping the plate

surface in the fixed position on the polishing wheel causes parallel grooves on

the surface.

Other than roughness, one other issue with the plate surface is its flatness. In

order to keep the copper plate flat, it should be separated from the metal holder

and masking tape very carefully. The reason that double sided masking tape was

used for mounting is that allows easy removal of the copper plate. It is enough

to hold it under the water tap and use a blade to separate the copper plate.

8.3.2. Lithography and Mold Fabrication

After polishing, the copper plate should be washed well to become ready for the

lithography step. It should be washed by DI water and liquid soap, and then acetone and

then isopropanol, and again DI water.

For making the mold, Megaposit SPR 220-7.0 photoresist from Shipley (now

Rohm and Haas Company) was used. This is a positive photoresist and adheres to copper

surface very well and resists the copper electroplating solution. Films as thick as 10 pm

can be made with this photoresist in a single spin and with good uniformity. However,

thicker layers were desired for the microchannels to investigate the copper plating

2.

3.
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process in this thesis. With double spinning of SPR 220-7.0 photoresist a film thicker

than 20 ¡im and with very good side walls was obtained. Here are the details of this

double spin lithography process:

1. Spin the first layer of photoresist for 30 seconds at 1500 rpm with a 5 second

acceleration time.

2. Softbake for 60 seconds at 1 10oC and with a 100 second ramp. This step for a

single layer of photoresist is 90 seconds at 115oC. But because two layers are

spun, and the Softbake step will be done twice, each time it is done for a shorter

period and at a lower temperature.

3. Spin the second layer of photoresist for 30 seconds at i500 rpm with a 5 second

acceleration time.

4. Second softbake for 60 seconds at 1i0"C and with a 100 seconds ramp.

5. Exposure for 10 minutes using i-line ABM mask aligner. The normal exposure

time is much shorter for a thin layer of this photoresist, but for this thick layer

10 minutes is needed. Several shorter exposure times were tried, but after the

developing step a thin layer of photoresist still remained on the substrate

surface.

6. Leave the sample in the air for at least 4-5 hours to absorb humidity.

7. Post exposure bake for 30 seconds at 90oC in the oven. This step is very short

because the photoresist layer is thick and if this step takes more than 2 minutes,

it will crack.

8. Developing for 7 minutes by hand using Microposit 452 developer from

Shipley.
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8.3.3. Copper Electroplating Process

Microchannel heatsinks require tall and high aspect ratio electroplated structures.

The problem with plating a thick layer of copper is that the plated layer, if not plated with

very special method, has a lot of residual stress and it peels off after a certain thickness.

Generally when a thick plated metal layer is needed, usually it is made by electroplating

of nickel, since nickel plated with DC electroplating has low residual stress. However

copper is desired for heatsinks due to its high thermal conductance. Hence a method to

plate a thick layer of copper with minimum stress and good quality has to be found.

8.3.3.1. Theoretical Bacþround

In Figure 8-11 the schematic of an electroplating bath is depicted. A solid pure

metal source called anode is used to provide the metal ions into the solution. To do so, a

positive voltage source is connected to this anode in order to draw electrons and produce

these positive metal ions. These metal ions travel through the electroplating solution and

are atftacted to the negative voltage electrode, called cathode, and deposit there.
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Negative Lead Positive Lead

Sample
(Cathode)

Figure 8- 1 1 . The schematic of an electroplating bath.

The following reactions happen at the anode and cathode:

Metal Source
(Anode)

Anode:

Cathode:

Cu --- Cu2* + 2 et-

Cu2* + 2 et- -- Cu

A profile of the concentration of the ions in the electrolyte during electroplating is

illustrated in Figure 8-12. The distance between the electrodes is assumed to be 2L. A

current density of I = i(r) is assumed to be carried by a single type of canier (ions) in
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which its local time-dependent concentration between the electrodes isC(z,t). The model

is described by the diffusion of carriers, or the so-called Fick's second law [6 i ]:

(=o49
dt â2"

i =-rFDâC + uenCE
îz

where D is the diffusion constant, n is the valence of

the elechic fieId, p is the mobility of ions and e

(8-1)

(8-2)

ions, F is the Faraday constant, -E is

is the unit electronic charge. The

LL

Figure 8-12. The profile of current density between electrodes in the simple electrolytic

ceil.

The electric current density generally results from two different mechanisms

similar to the carrier transport in semiconductors [61]. The first mechanism is based on

the local density imbalance of carriers producing a net diffusion current. This curuent can

be estimated by Fick's first law. The next mechanism is the drift of carriers resulting from

the local electric field. Therefore, the total current can be found by summing up these two

terms as:
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acc;'xacy of this diffusion model for prediction of the concentration of reacting species at

the electrode surface under pulsed current analysis has been established in162].

When the electrode is placed into the electrol¡e solution, a structure called

eiectrical double layeris formedonthe surface of the electrode. This structure consists of

two parallel layers of ions. One layer is the surface charge on the surface of the electrode.

The other layer consists of the free ions with opposite charge gathered in the liquid very

close to the electrode surface screening the first layer. The net charges of these two layers

are equal to each other, hence the total charge of the double layer structure is neutral. The

overall result is two layers of charge (the double layer) and a potential drop which is

confined to only this region

The electrode double layer consists of charged ions of opposite polarity and they

scatter the charged carriers through coulomb collisions. Hence the diffusion process

dominates the transport near the electrodes (for discussion on a method for determination

of the thickness of this layer refer to [63]). Since the electrode double layer reduces the

mobility of carriers considerably, it is assumed that the drift term is about zero near the

electrodes. Then from relation (8-2) the following boundary conditions are obtained:

D egl = Dlgl =â, lr=-, â, lr=,
(8-3)

nF

The model becomes complete with the addition of Butler-Volmer kinetics [61]:

i n = ro 

[.* 
r(-#)- "-r("#)] (8-4)

Here, n is the vector normal to the electrodes, ao and ac aïe the transfer ratios of

anode and cathode, R is the universal gas constant, I is the absolute temperature, 1¿ is the

exchange current density, and Tt is the overpotential. The overpotential is an
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electrochemical term which refers to the potential (voltage) difference between a half-

reaction's thermodynamically determined reduction potential and the potential at which

the reduction-oxidation reaction is experimentally observed. In an electroly'tic cell the

overpotential requires more energy than thermodynamically expected to drive a reaction

[64]. Numerical values for the parameters introduced in (8-3) and (8-4) may be found in

[65] for the acid-copper bath.

A good electro-deposited layer is chancterized with some qualitative features

such as uniformity, adhesion, low porosity, low residual stress, and brightness [66]. One

of the most important issues in obtaining a good film is that the electrol¡ic processes

should not be in the transport limited regimes. Usually, due to low ion transport velocity,

there is lack of ions at the cathode. More exactly, the electrode diffusion layer limits the

rate of canier transport, and thus several features of the deposit are affected. In order to

obtain better deposition, usually the thickness of the electrode diffusion layer has to be

reduced. There are several methods to achieve this goal.

i. Use DC electroplating and stirring the solution constantly. Any kind of

perturbation reduces the diffusion layer thickness or even can terminate it.

2. One of the major non-steady methods is to apply an altemating current (AC)

sinusoidal voltage to electrodes instead of a direct current (DC) voltage. This

signal should have an offset value and its frequency can be in a wide range from

tens of Hertzto few hundreds of kilo Hertz.It can be much more that one hundred

kHz, because the relaxation time of the ions in the electrolyte doesn't permit it.
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3. Use a shaped pulsed signal. The input voltage can be a wide range of pulse shapes

with a non-zero average, and a frequency between several tens of Hertz and

hundreds of kilo Hertz This is the method that is used in this work for

electroplating of copper.

Pulse-plating has found application in plating of alloys [67], thin films [68], and

even decorative coatings [69]. In the pulse-plating process, general improvements in the

quality and hardness of the plates have been reported[70]. Several studies have addressed

the time-dependent carrier concentration and transport in pulse plating methods for some

basic waveforms [71], using the simple diffusion model reported inl72). For this method

mass transfer requirements are addressed in [73]. It has been observed that the bath's

efficiency (The ratio of the useful electric current canied by deposited ions to the total

transferred charge in positive and negative cycles of current) may also decrease under

pulse perio dic plating 17 41.

There are many papers in the literature about pulse plating of copper [75]. It is

well known that pulse reverse current electroplating is the best method for plating a thick

layer of copper [76]. Cunent is applied as the input signal and is monitored as the control

parameter rather than voltage. The reason is that since current is linearly proportional to

the number of deposited ions, and so by monitoring current it is much easier to control

the transferred mass. The current passing through the anode and cathode is very sensitive

to the applied voltage and the I-V characteristic of the electroplating bath is highly

nonlinear. Hence, it is better to monitor current instead of voltage signal.
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In industry, usually various organic and inorganic ingredients are also added to

the electrolyte solution to improve the quality, uniformity and speed of plated layer and

plating. However in[77] it is shown that these additives are effective only in DC plating,

and they don't have so much benefit in pulse reverse plating.

Let us assume that the current has an arbitrary pulse shape shown in Figure 8-13.

The period of signal is denoted by T and the forward and reverse amplitudes are given by

A, and A¡. These relations and definitions about this pulse shape signal should be

considered:

T: i/f: tr* t,.

Duty cycle : tr lT

Ip-p: A¡* A,

Iuu : (A¡t¡- A,tr) I (tr + tr)

Figure 8-13. Electric current waveform and the parameters.
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In [78] the effect of changing the parameters of this pulse waveform on the

concentration of ions at the cathode is studied mathematically and experimentally, and it

is revealed that the best pulse shape for the best quality of plating is when a small

forward current for the most of the period, and a large reverse current for a short time are

applied 1791. In other words, the reverse current should consist of sharp and narrow

pulses.

This has been shown experimentally [S0] and this method is used in industry for

electroplating thick layers of copper [81]. An explanation of this result is that this sharp

pulse of reverse current separates the weakly plated ions on the cathode, and leaves the

strongly held ions, and this causes the good quality of the plated layer.

8.3.3.2. Experimental Work and Results

The set up of the electroplating system is shown in Figure 8-14. The system

consists of a large bath containing the electrolyte and placed on top of a magnetic stirrer.

The anode and cathode are supported in the solution by two metal holders which are

electrically isolated from their bases. The distance between the anode and cathode and

their position related to each other is an important parameter. In these experiments the

distance between the anode and cathode is kept in the range of 4-10 cm. The distance

between the anode and cathode and their sizes affects the hydrodynamics of the

electrolyte solution, the electric field around anode and cathode and between them, and

ultimately ion transfer. Therefore, the distance between the anode and cathode, and their

sizes, affect the quality of the plated layer. If the distance between them is too small, the

electric fields and ion migration will not be normal to the plated substrate and the liquid
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between the electrodes will not be perturbed enough by stining. If the distance is too

large, the rate of ion transfer between the electrodes will decrease. An experiment was

done to test the quality of plating with the distance of about 20 cm and the plated layer

was rougher than plating with 4-10 cm distance between the electrodes.

A very pure 99.999 Yo copper foil bought from Sigma-Aldrich was used as the

anode and a copper sulphate based solution as the electrolyte. The solution was made by

using the following method: 50g (0.2 mol) of copper sulphate (CuSoa.5H2O) is put in a

big beaker. One litre DI water is added to it. 100 ml of HzSO¿ 98% is added and enough

DI water is added to it to bring the total volume to 2litres. The ratios for this 0.1 molar

solution of CuSO+ were obtained from literature [82].

Figure 8-14. Copper electroplating bath.
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The pulse current generating system can be seen in Figure 8-15. This system

includes three parts. First is a voltage pulse generator. This instrument can generate

voltage pulses with the duty cycle of 10 - 90 Yo and with variable amplitude. The second

part is a current source circuit which converts that voltage pulse to current pulse. The

schematic of this circuit is shown in Figure 8-i6 and its photo is shown in Figure 8-17.

The output of this circuit is a current pulse with forward and reverse current. The

amplitude of each of these forward and reverse currents can be varied, and the duty cycle

depends on the duty cycle of the input voltage pulse. The output of this circuit is single

ended and each of the forward and reverse currents can be adjusted by 100 O

potentiometers. This circuit can generate current amplitude of 1A and mean current of

100 mA.

The voltage at the output of the circuit is monitored using an oscilloscope. This

voltage was proportional to the output current. By reading the peak-to-peak and average

values of the voltage signals on the oscilloscope, the peak amplitudes of the forward and

reverse currents were calculated. In order to simplifr this calculation, and since the

impedance of the electroplating system is not fixed (it depends on several parameters like

the composition of the solution, sizes of the anode and cathode and their distance, and the

applied current), a small I C) resistor was put in series with the electroplating bath. Using

this resistor the numbers shown on the screen of the oscilloscope for "voltages" are the

same as the values of the currents. For example for the signal shown in Figure 8-18, the

average current is 41.22 mA and the peak-to-peak current is 140 mA.
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Figure 8-15. Pulse cunent generator and signal monitoring system.

The plating process started from the moment that the pulse current was applied to

the electrodes. The quality of the first deposited layers is very important. Hence there is

no time to set up and adjust the signal parameters values and it is important to adjust the

values of the pulse current before connecting it to the electroplating bath. The resistance

of the electroplating bath was measured to be in the range of 5 - 30 O depending on the

bath parameters. A high power 20 Q resistor was used to adjust the current. First it was

put at the output of the pulse current generating system and the values of the signal were

adjusted. Then it was removed and the current signal generator output was connected to

the anode and cathode. Since this is a current generator, and the current value is almost

independent from the output impedance, the output current will remain unchanged,

despite the small change in the output impedance.
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Figure 8-16. The circuit used for generation of cunent pulse for electroplating.

Figure 8-17. Pulse current generating circuit.

tr6



Figure 8-18. Pulse current signal used for copper plating. It consists of a small forward

current a sharp pulse ofreverse current.

After setting up the electroplating system, the important step was to optimize the

input signal parameters. There were four parameters that had to be optimized: peak-to-

peak current and average current (or amplitudes of the forward and reverse currents),

duty cycle, and frequency. There are other parameters related to the electroplating bath

like the distance of the anode and cathode, and the stirring rate.

For test plating of copper, the structure shown in Figure 8-19 is used. It consists

of a seed layer of 2x2 cm area on a glass plate. This area is connected through a narrow

tail to a contact area. Only the 2x2 cm area is dipped into the electrolyte soiution and

copper is electroplated on it.
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Copper is plated on this structure and parameters such as peak-to-peak current,

average current, frequency, duty cycle and stirring rate were changed to find the best

conditions. For each case, the deposited film's average roughness and peak roughness

were measured. These parameters depended a little on film thickness. Hence, all cases

were done at the thickness of about 3 pm. The results are summarized at Tables 8-2 to 8-

4.

It is important to note that the quality of the plated layer highly depends on the

fluid dynamics of the electrol¡e solution. This means that the distance between the

electrodes, their position and direction toward each other, and the way the solution is

stirred and flows over the surfaces of the electrodes all affect the quality of the plated

layer.

Figure 8-19. A structure containing a2x2 cm area of seed layer used for test plating of

copper. This area is connected through a n¿rrrow tail to a contact area for connecting

electricity.
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From preliminary tests (Table 8-1) it was found out that the frequency of I kHz

and duty cycle of around 80 o/o or more are the best values. Hence the data collected in

tables 8-2 to 8-4 are from the tests performed in these conditions. In these tables RA

indicates the average roughness and TIR indicates the peak roughness of the surface.

Table 8-2. Metal: Copper, Area: 2x2 cm, Frequency: I kHz, Duty Cycle 90 o/o, Spinning

speed: 4 rps.

Table 8-1. Preliminary electroplating tests.

Io'
(mA)

Ip-p

(mA)
Duty
Cycle

Frequency
(kHz)

Thickness
(pm)

Spinning
Speed
(ros)

RA
(nm)

I 45 100 s0% I kHz 30 900
2 45 160 50% 10 kHz 40 800
J 40 200 s0% 50 kHz JJ 750
4 20 60 70% l0 kHz 30 450
5 35 40 75% 100 Hz 41 2 400
6 35 40 75% 10 kHz 32 2 s00

7 40 60 75% I kHz 64 2 600

8 40 60 80% l kHz 23 I 100

fay, Average Current (mA)

20 (20 minutes) 40 (10 minutes) 80 (6 minutes)

Ip-p
(mA)

200
Thickness

3.2 pm
Rn

373.3 Ã
TIR

351r Å
Thickness

3.0 pm
Rn

n7.s A
TIR
2876 Ã

Thickness

2.8 ¡tm
R¡
28s.2 

^

TIR

3127 Ã

300
Thickness

3.2 ¡tm
Re

sæ.2 Ã
TIR

6721 Ã
Thickness

2.9 pm
RA

23 1.9 Å
TIR
2s76 

^

Thickness

3.0 pm
RA

231.1 Ã
TIR

2842 Ã

400
Thickness

2.9 ¡m
RA

690.0 Å
TIR

s4r6 Ã
Thickness

3.0 pm
Rn

4s1.9 Ã
TIR
5396 Å

Thickness

3.2 pm
Rn

611.7 Å,

TIR

6n6 Ã
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Table 8-3. Metal: Copper, Area: 2 x 2 cm, Frequency: I l<flz, Duty Cycle: 90 o/o,

Spinning speed: 2 rps.

From Table 8-2 it can be inferred that lo-o : 300 mA and Iuu : 40 mA or 80 mA

are the best conditions when the spinning rate is 4 rps. From Table 8-3 it is observed that

Ir-o : 120 mA and Iu,:20 mA are the good conditions when the stirring rate is 2 rps. In

this table it is seen that there is a difference between the roughness of the plated layer on

the right and left side of fhe 2x2 cm area. From Table 8-4 it is observed that stining the

solution during electroplating is better than not stirring it, and the signal frequency of I

kHz is better than 100 Hz and 10 kHz.

Iay, Average Current (mA)

20 (20 minutes) 40 (10 minutes)

Ip-p
(mA)

t20
Right Side

Thickness

2.86 ¡tm

D

272.2 Ã
TIR

t674 
^

Thickness

3.23 ¡tm
RA

374.2 

^

TIR

278r L

Left Side
Thickness

2.29 ¡tm
Rn

i83.4 Ä,

TIR

1316 Å
Thickness

1.98 pm
RA

111.0Á.
TIR

i i05 Á.

200
Right Side

Thickness

2.90 ¡tm
Rn

280.1 Å
TIR

1917 

^

Thickness

3.27 pm
R¡

440.s 

^

TIR

s203 

^
Left Side

Thickness

2.58 pm
Rr

245.8 Ã
TIR

297s Ã
Thickness

2.10 pm
Rn

169.S.Ä
TIR

1727 Ã
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Table 8-4. Metal: Copper, Area: 2x2 cffi, Time: 10 minutes, Iev : 40 ffiA,

Ip-p: 120 mA.

Spinning Speed (.ps)

0 1

#r4-rs
Duty Cyclez 90o/"

Frequency:
llrflz

Right Side

Thickness

2.99 ¡tm

RA

s7s7 Ä
TIR

3.78 pm
Thickness

3.10 pm
RA

277.0 Ã
TIR
2192 Ã

Left Side

Thickness

2.10 wm

R¡

6269 

^

TIR

3.93 pm
Thickness

2.46 pm
Rn

169.s .Ä,

TIR
1477 A

#t6
Duty Cyclet 90o/o

Frequency:
100H2

Right Side

N/A

Thickness

3.38 pm
Rn

403.3 Ã
TIR
28s2 A

Left Side

Thickness

2.80 pm
R¡
33S.2 

^

TIR

29ss Å.

#tl
Dufy Cyclet 90oh

Frequency:
1OkHz

Right Side

N/A

Thickness

3.34 pm
Rn

300.2 Ä.

TIR
1S23 Å

Left Side

Thickness

2.83 pm
Rr
221.6 Ã

TIR
2331 A

#18
Duty Cycle:70oÁ

Frequency:
lkHz

Right Side

N/A

Thickness

2.65 ¡m
RA

2tt.s Ã
TIR
146s Ã

Left Side

Thickness

2.21pm
Rn

148.5.Ä,
TIR

1560 Ä

#r9
Dufy Cycle.99o/o

Frequency:
lkHz

Right Side

N/A

Thickness

2.44 pm
R¡
117.8 A

TIR
ls36 Ä,

Left Side

Thickness

2.77 pm
Rn

189.9 Å
TIR

1647 Ã

#20
Dufy Cyclet 99o/o

Frequency:
lkHz

Right Side

N/A

Thick¡ess

2.88 pm
Rn

269.6 Ã
TIR
2277 Ã

Left Side

Thickness

2.36 pm
RA

179.0 Å
TIR
1864 Ä
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The interesting finding was about sample #19 in Table 8-4 which by mistake the

back of the cathode plate was put in away that it was facing the anode, and surprisingly

the roughness of the plated copper layer was still very good for this case.

Using reverse current pulse electroplating, it was possible to plate high quality

and low stress copper layers with the thickness of 150 ¡rm. Plating conditions that were

selected for this test were: Ip-p : 120 m/^,Iuu : 40 mA, frequency : I kHz, duty cycle :

90o/o, and stirring rate:2 rps.The images of the surface of this electroplated layer taken

by Atomic Force Microscopy (AFM) are shown in Figure 8-20.

(a)
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3.0 pm

0.0 pm

(c)

Figure 8-20. The AFM images of the surface of the 150 ¡rm thick electroplated copper

layer. (a) The image of a20 * 20 þm2 area. (b) The image of a 50 r 50 pm2 area. (c) The

3D image of a 50 x 50 pm2 area.
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Adhesion Testing:

The plated copper layer appeared firmly attached to the substrate. A tape test was

performed to test adhesion. In this test a piece of scotch tape is attached to the deposited

layer and then the tape is detached. This applies a large force to the deposited layer

interface with the substrate. If the layer was not detached from the substrate and did not

come off with the tape, it was concluded that it has a good adhesion to the substrate. Of

course this test is not a very good quantitative measurement and the result of this test

depends on the tape adhesion strength and how it is taken off. The plated copper layer

passed the tape test.

Thermal Conductivify Test:

As explained in chapter 1, thermal energy is transferred in metals primarily by

electrons, which is contrary to insulators where heat is transferred by phonons, or lattice

vibrations. Hence, copper's heat conductance can be estimated by measuring its electrical

conductance and comparing it to the electrical conductance of bulk copper. For this

purpose, a long resistor shown in Figure 8-21 was fabricated by electroplating copper on

a glass substrate. The resistance of such a resistor is related to its length and cross-

section area according to equation 8-9.

R:Pnfi:r^h (8-e)
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Figure 8-2i. Copper resistor fabricated for testing the conductance of the plated copper.

Dimensions of the fabricated resistor are:

Resistor length Ln:104.2 cm

Resistor width Wq: 100 pm

Resistor thickness T¡: 11 ¡rm

The resistance of the resistor is measured by a multi-meter:

Measured Resistance: 16.6 f)

Hence from equation 8-9 the resistivity of the fabricated resistor is calculated:

pn: I.752 x 10-8 Om

Resistivity of bulk copper ir po : I.724 x 10-8 C¿m. Hence theoretical value for R

calculated from equation 8-9 would be 16.33 Q. Percentage of difference between the

experimental value and theoretically expected value is 1.6 %.

The electrical conductance of the plated copper layer was measured, and was

found to be almost the same as that of bulk copper. If the heat conductances of thin film

and bulk copper have exactly the same ratio of electrical resistivities with each other, the
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thermal conductance of the plated copper may be calculated as k6u : 394.6 WmK, while

the thermal conductance of the bulk copper is kçu : 40I WmK. This shows that most

probably the copper plated by this method has a good heat conductance, close enough to

the bulk copper.

8.3.4. Bonding and Sealing

A cover plate on the channels can be bonded to the microchannels layer by

different methods. Both plates should be conformally in contact with each other at every

point of their surfaces. The bonding has to be strong enough to resist the fluid pressure,

and change of temperature in the range of approximately 20 - I20 "C (This range

depends on the surface which has to be cooled). Several bonding methods can be used.

1. Diffusion Bonding: V/hen both sides are metal, diffusion bonding can be used. In

this method, two metal surfaces are brought into contact with each other and are

kept under high temperature (800 - 1000"C) and pressure for several hours (e.g.7-

8 hours). The problem of this method is that it needs very high pressure and

temperature [83].

2. Eutectic Bonding: Eutectic bonding also requires relatively high pressure and

temperature (but less than diffusion bonding), depending on the materials of the

surfaces being bonded to each other. This type of bonding uses the concept of

eutectic mixture. For some alloys the melting point of certain mixture ratios is

lower than the melting point of each of the materials individually. This lower

melting point is called the eutectic temperature [84]. It Table 8-5 the eutectic
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temperatures of some materials are listed. As observed, the eutectic temperature

for each pair of materials is less than the melting point of each of those materials.

Table 8-5. Eutectic temperatures of some materials.

Materials Eutectic Temperature

AI and Si 577 "C

Au and Si 363 "C

Al and Cu 548 "C

Al and Ag 566'C

Cu and Si 802 0c

Ag and Si 835 "C

In Eutectic type bonding, two surfaces are brought into contact with each

other, pressed together, and then are held at elevated temperature above their

eutectic temperature for a few hours. The materials at the interface alloy and make

a firm bond. The problem of this method is that it needs a relatively high

temperature. Gold-silicon eutectic bonding which happens at 363 oC, however is

not strong enough [47].

Adhesive Bonding: Adhesive bonding uses an intermediate layer of polymer or

other material to "glue" two substrates to each other [Sa]. This method likely is

not suitable for cooling applications, due to the high temperatures that the

heatsinks need to operate in, which may affect the chemical composition of the

adhesive layer and degrades the bond.

Solder Bonding: Bonding using a solder. A layer of tin was selected for bonding

two copper substrates. For many years tin, due to its low melting point and its

4.
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good adhesion to copper and other metals, has been used for soldering. Usually

lead is also mixed with tin to reduce its melting point. In this thesis, tin solder

bonding was used.

As observed in Figure 8-7, a very thin layer of tin is deposited on each

plate by electroplating. Tin can be deposited by sputtering or thermal evaporation

as well. Plating was selected since chemicals are inexpensive. After tin plating the

substrates are placed together and high pressure is applied with a temperature a

little higher than the melting point of tin (232 oC). Some experiments were done

to find out the best conditions and parameters for electroplating of tin and

bonding the plates.

These experiments showed, for tin, DC electroplating is better than pulse

electroplating and gives a smoother and shinier surface. An important point about

electroplating of tin is that the substrate's surface must be very clean. The polished

copper plates had to be washed with a soft sponge using Sparkleen powder, and DI water

mixture for at least 3-5 minutes, followed by DI water rinse for 5 minutes. Otherwise

during plating, the tin didn't stick well to the substrate. It was also observed that if a very

thin layer of copper was deposited by electroplating before the tin, then even without the

5 minute washing period, the tin adheres to the substrate, and was deposited on it, with

good quality. It was observed that etching the copper substrate in chrome etch solution

(which is normally used for slow etching of copper) for 45 seconds didn't improve the tin

adhesion to the substrate. It was not desired to leave the copper substrate for a longer

time in the chrome etch solution, because it would roughen the substrate.
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After preparing the substrate, a thin layer of tin is electroplated on the plate's

surface. For this purpose the tin plating solution and tin anode included in "Plug N'

Plate" tin plating kit bought from Caswell Company were used. The tin plating solution is

a dilute solution of stannous acid and sulfuric acid. For the copper plates with the area of

3 x 4.5 cm, plating with the total current of 100 mA and for 16 minutes resulted in a tin

layer thickness of 2 pm.The plating solution was stirred by a magnetic spinner with the

rate of I rps. The resulting tin layer is uniform and shiny. Its color turns a little dark in 3-

5 seconds after taking it out of the plating solution. This can be due to oxidation of the

surface.

After plating the tin layer, the two tin coated copper substrates were placed

together, between two polished 1 cm thick aluminum blocks, and were held together

using a C-clamp (Figure S-22). The diameter of the screw of the C-clamp was 3/8 inch

and the pitch of its teeth was 1/16 inch and it was made of cast steel. Using a torque

wrench they were pressed together. The aluminum blocks were used to apply an even and

uniform force on the copper substrates. Then they were placed in an oven and the

temperature was increased to few "C higher than the melting point of tin (232 "C).
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Áluminum Block

Eonded Copper
Flates

Fig.8-22. Bonded copper plates held and pressed together by a C-clamp.

Several preliminary experiments were performed at different temperatures,

heating times in the oven, applied torque, and tin layer thickness. The conclusion from

those preliminary experiments was that for a good bond the tin layer thickness has to be a

few microns thick, the bonding temperature has to be abov e 255 oC, the applied torque

has to be around 20lblinchz, and the plates have to be in the oven for a few hours. Three

experiments were performed to find the optimum values for these parameters. At the end

of this time, plates were left in the oven to cool down gradually over night, and then the

clamp was opened.
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Trial 1:

Tin layer thickness on each plate: 2 pm.

Bonding temperatur e: 25 5 "C.

Bonding time: 1.5 hours.

Torque: 20lblinchz.

Figure 8-23(a) shows the surfaces of the separated copper substrates bonded

under these conditions. The substrates were separated by hand, and the tin on the

surfaces doesn't look uniform.

Trial2:

Tin layer thickness on each plate: 2 Vm.

Bonding temperature: 260 " C.

Bonding time: 3 hours.

Torque: 20lblinch2.

Figure 8-23(b) shows the surfaces of the separated substrates. The plates

were separated by hand, and the tin on the surfaces looks oxidized.

Trial3:

Tin layer thickness on each plate: 4 þm.

Bonding temperature: 257 "C.

Bonding time: 2.5 hours.

Torque: 20lblinch2.
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Substrates were found to be firmly bonded to each other, and although they

were separated by hand, much more force was needed to separate them. Figure 8-

23(c) shows the plates bonded under the above mentioned conditions. Results of

trials 1 and 2 obviously were not as good as the bonds resulting from trial 3. It is

suspected that the primary reason that trial 3 had the best result is due to the thicker

tin layer used.

(a)
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Figure 8-23. Surfaces of the tin coated copperplates after bonding and separating from

each other. (a) Tin layer thickness on each plate: 2 V , Bonding temperature:255 "C,

Bonding time: 1.5 hours, Torque: 20lblinchz. (b) Tin layer thickness on eachplate:2

pm, Bonding temperature:260 oC, Bonding time: 3 hours, Torque: 20lblinch2. (c) Tin

layer thickness on each plate: 4 þm, Bonding temperature:257 oC, Bondingtime:2.5

hours, Torque: 20lblinchz. This gave the best result.
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Using the bonding conditions of trial 3, a copper substrate on which 20 ¡tm tall

copper microchannel structure was electroplated, was bonded to a copper lid plate. Then

this structure was glued to a fixture which was made to connect the inlet and outlet to the

tubes (Figure 8-24). This was tested by connecting water to the inlet from the water tap in

the lab. The pressure of the water in the building was approximately 50 psi. The plates

didn't separate, but the structure leaked and water came out through several holes around

the structure. It seems that since the tin surface oxidizes very quickly after plating and

before bonding, it cannot provide an ideal quality bond. In the microelectronics and

optoelectronics industry AuSn is used instead of tin (Sn) for bonding and sealing

purposes [85]. This alloy is more expensive and needs special equipment for

electroplating of gold and tin in the same solution and at the same time, and so was not

considered for this thesis.
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Figure 8-24.The copper heatsink glued to the inleloutlet fixture.

Measurement of Microchannels after Bonding:

After the device Figure 8-24 was tested, the copper substrate with the plated

microchannels was separated from the lid. The height of the 20 ¡tm microchannels was

measured with the Alpha-Step profiler, and the microchannels remained20 pm tall. This

indicates that the bonding process did not affect the microchannels.
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Chapter 9

Conclusions and Future Work

9.1. Conclusions

In this thesis the effects of material type, fluid velocity, and fluid channel size and

separation on the thermal performance of microfluidic heat exchangers have been

investigated quantitatively. This study shows that a change of material from nickel or

silicon to copper only has a significant percentage effect on heat resistance at high

channel height to width ratios, and this difference is more pronounced at higher fluid

velocities. Fluid flux is an important parameter in cooling performance; however,

performance does not increase in proportion with fluid flux when inefficient heat

spreading occurs in the liquid channel.

The temperature distribution on a chip containing a hot-spot while it is cooled by

a microfluidic heat sink was simulated and studied. These simulations were performed

for 1 mm and 3 mm wide hot spots. This study showed thaf a change of material from

nickel or silicon to copper can have a pronounced effect. It was also shown that the

thickness of the top layer of the heat sink, between the heat source and fluid channels,

affects the peak temperature with two competing mechanisms which work opposite to

each other; thermal resistance between the heat source surface and fluid, and axial heat

conduction in solid. Simulation results showed the optimum value for this thickness is

^25 ¡tm for heatsinks fabricated from nickel, -50 ¡rm for heatsinks fabricated from
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silicon, and -150 ¡rm for heat sinks fabricated from copper. Simply, it is directly

proportional to the thermal conductance of the solid.

Simulations of transient state show that the characteristics of the microfluidic

heatsink is with a good approximation like a first order differential equation and its rise

time and fall time are like a first order exponential term. Hence microfluidic heatsink can

be modeled as a first order RC circuit. From steady state simulations we know that the

thermal resistance of this heatsink mostly depends on the fluid velocity. The thermal

capacitance for each case is obtained from the temperature rise time at the transient

simulation result. From the thermal capacitance values obtained in this way it is

concluded that the overall thermal capacitance mostly depends on the thermal

capacitance of the solid part, and it is less dependent on the fluid flow. The other result is

that the peak temperature reached for the short heat pulses is in some cases highly

dependent on the thermal capacitance of the solid material. The peak temperature for

copper heatsink is a lot less than that for silicon, because its time constant is smaller.

9.2. Future Work

This work can be continued and completed in three directions: simulation,

fabrication, and test. The envisioned work in each of these areas is explained separately.

9.2.1. Simulation

In the steady state analysis, there is a lot of work that can be done about on heat

sources with hot spot. The effect of different parameters like channel height and width on

the peak temperature can be studied. If larger simulations can be done, small hot spots
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(not hot bands in this work) with the size of for example 1 x I mm can be used and the

effect of changing its position or size can be studied. Even the heat generation profile of

the real chips that include two or more hot spots can be used for simulations.

In the transient analysis, in both cases of uniform heat input and heat input with

hot spot, the effect of the heat sink parameters on the peak temperature and rise time and

fall time of the surface temperature can be studied.

All of these simulations should be done with the purpose of finding the best

heatsink structure which provides the least peak temperature in both steady and transient

states for a certain amount of fluid flow and pressure drop.

9.2.2. Fabrication

Fabrication of a complete microfluidic heatsink based on electroplating can be

accomplished by improvements and advancements in all three steps of lithography,

electroplating, and bonding. For lithography step it is better to use a photoresist which

can make the height of at least 50 pm. There are some negative thick layer photoresists

that can be used for this purpose too. Among the positive photoresists, a suitable one that

I found is AZ 50XT photoresist from AZ Electronic Materials. It is specially for plating

applications and can make 40 - 80 ¡im layers with a single cot and up to 120 ¡rm with a

double coat. It can produce structures with the aspect ratio of 3 and excellent side walls.

The discussed electroplating method is sufficient for making layers of up to -150

¡im thick, but for thicker layers or for fabrication at a higher rate, this method needs to be

improved. The most important step that needs to be improved is the bonding method.
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Instead of a pure tin layer, a material like gold/tin (AuSn) which doesn't oxidize and is a

strong material for soldering is better to be used.

9.2.3. Test

Testing and characterizingthe microfluidic heat sink is an issue and needs special

equipments. The main thing is a sensor which measures temperature on the heat sink.

There are several methods for this. One method is using thermistors. Making such a

sensor is fairly easy and a small set of thermistors can give a profile of temperature along

the channels.

Figure 9-1 shows a fixture designed based on thermistors for testing the

microfluidic heat sinks.

Figure 9-1. Test fixture used for testing the microfluidic heat sink. It consists of two

metal iayers, one for input heat generation, and one for temperature measurement.
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This structure is made of two resistor layers. One layer at the bottom is for

generating heat, and the other layer is for sensing and measuring the temperature. These

resistors can be made with chrome or titanium. An insulator layer of Si separated two

resistor layers, and another Si layer covers the top resistor layer. All of these layers are

made by sputtering. Windows are opened by wet and plasma etching for electrical contact

to the resistors. Silicon is etched by plasma etching and chrome is etched by wet etching.

Five sensing resistors would be made to measure the temperature at five points along the

microchannel structure. The length and width of the microfluidic heat sink is 1 cm. hence

the size of the main area of this test structure covered by resistors is 1x1 cm2.

There are a few other methods for measuring the temperature profile on the heat

sink. Instead of thermistors, thermocouple sensors can be used. There are some

experimental methods to examine these simulation results for the surfaces including hot

spots. Such a method should propose a suitable way to measure the temperature

distribution on the whole surface.

The first method is based on Infra Red (IR) imaging. In [14 e.86) detailed power

maps are shown of fully operational microprocessors obtained by imaging the

temperature-dependent IR emission of chips that are cooled by a custom designed IR

transparent heat sink.

Another good technique to observe the temperature profile on a hot surface like a

chip is using Thermochromic Liquid Crystals (TLC) [87]. In this method, a thin layer of a

special liquid crystal is put on top of the heatsink. The color of the liquid crystal changes

with temperature, and shows the temperature on every point of the heatsink surface.
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The third method is using another chip at the size of the main chip. This extra

chip contains thousands of very small temperature sensors, in an anay which covers the

whole surface. Each of these temperature sensors can be a small circuit unit, like a ring-

oscillator, whose oscillation frequency depends on temperature. Each of these sensors

appears as a pixel in the final temperature image of the surface. The time constant of such

sensors can be very short, and hence such a method is suitable even for transient study of

hot spots [88 & 89].

Each of the mentioned methods have advantages and disadvantages based on the

parameters like their response time, precision, distance between the sensor and the hot

sutface, and need for transparent cover on the hot surface or microfluidic heat sink. The

advantage of the mentioned three methods for observing a surface with hot spots is their

good spatial and temporal resolution. Hence they are better choices than arrays of

thermistors or thermocouples for studying the heat sources with hot spots or transients.

In Figure 9-2 the schematic of the test system is demonstrated. This is an open

loop system, meaning that the heated water goes to the drain and is not reused. DI water

is used for testing the heat sink. At the input, using a flow meter, a thermometer and a

pressuÍe metet, the total flux, temperature and pressure of the input water are measured.

After the pressure meter, two valves are implemented to direct the water through the heat

sink, or bypass the heatsink. After the heatsink there is again a thermometer to measure

the temperature of the output water. In this way we can measure the temperature

difference of the input and output water, and then the total power transferred to water.

The heat source fixture is at the bottom of the copper heat sink and using a high power

voltage source and a volt meter and an ampere meter the heat dissipation on the heat
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generating resistor is controlled. When the system reaches the steady state, using an ohm

meter the resistances of the thermistors are measured, and in this way the temperatures of

the five points on the heat sink and along the channels are obtained.

Figure 9-2.Diagram of the test system of the microfluidic heat sink.

Ðl Water Tap

Microfluidic
Heat Sink

Pressure meter /

High Power
Voltage Source

Water Drain
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