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Chapter 1

1. Introduction
1.1 Description of hot spot problem and motivation forresearch

In the 1970’s, Moore predicted that semiconductangistor density would
double roughly every 18 months in an effort to\aliée ever increasing IC performance
demands. This trend, also known as Moore’s Law, grasen itself to be an accurate
forecast of future development in the IC packagingustry. The 2005 International
Technology Roadmap for Semiconductors (ITRS), shawnfigure 1.1, illustrates
projected logarithmic increases in on-chip tramsisiensity and logarithmic decreases in
feature size over the next ten years, while chip 8 expected to remain unchanged [1].
Smaller feature sizes on semiconductors lead tterfamnd more functional chips,
although at the penalty of greater on-chip powssigation. As a result of ever escalating
chip power, elevated chip temperatures are becomisignificant problem that must be

addressed.

N L e e e LA B A B B e e
10000 4 I Feature size (nm) i
i [ Chip size (mm ?) 3
I Transistor density SRAM (Mtransistors/cm )

1000 -
100+

10+

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year of Introduction

Figure 1.1: The 2005 ITRS predictions of feature ge, chip size and transistor
density for high performance microprocessor chips1]



Thermal management issues in IC packaging will beydesign driver in the
next generation of semiconductor microprocessoesv Bnd innovative thermal solutions
will have to be developed to overcome the hurdleragidly growing on-chip heat
generation that limits current device clock speaad feature sizes. Precise temperature
control is necessary in many of today’s applicaiarmere performance depends on chip
temperature uniformity, such as in power electrer@aod microprocessors. Performance
may also be temperature sensitive, such as in [Bctes and semiconductor lasers,
where device material properties often change temmperature.

In addition to performance concerns, reliability @so be expected to degrade in
overheated devices. Some failure mechanisms, sieleatromigration, are temperature
dependent and can adversely affect device reliphdli elevated temperatures. Also,
transistor gate leakage current increases expafgnivith temperature [2]. A relation

for the mean time to failure (MTF) in semiconduddewices is given by Black’s equation

[3]:

MTF = AJ? exp(kE—fl_) (1.1)
B

where A is a constant, J is the current densityisEhe active energy where the value for
typical silicon failures is approximately 0.68e\4 is Boltzmann’s constant and T is the
absolute operating temperature. It had been obdetiiat even a 5-10K overall
temperature reduction can double the device rdiigbiin the normal operating
temperature range [4].

Thermal challenges in microprocessor packaginglikety to intensify as chip
power dissipation levels are expected to climb ptaming years. The 2006 INEMI

roadmap for maximum chip power of high performaseevers shows that chip power



levels will soon reach over 500W (figure 1.2) [bhe thermal barrier doesn’t necessarily
reside in coping with such high power levels, butmanaging the uneven distribution of

this power.

600

500 -

400 -

300 -

200 -

Maximum Chip Power (W)

100 H

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Year

Figure 1.2: 2006 iINEMI road map for chip power in hgh performance servers [5]

Today’s microprocessors accommodate many functibloaks that can produce
an average heat flux of about 10 ~ 50 W/@nd a peak flux that can reach six times that
of the surrounding areas [6]. Growing microprocessomplexity and performance,
coupled with the functional integration of logic da€tmemory components in chip
architecture, have led to highly non-uniform ongclpower distribution. The resulting
localized high heat flux “hot spots” are becomingmejor difficulty due to their
propensity for degrading microprocessor performaarwe for significantly reducing chip

reliability.



Examples of on-chip hot spots are shown in figur&sand 1.4. Figure 1.3 shows
two different Intel chips containing hot spot ragd 7] and figure 1.4 shows a typical on-

chip heat flux map with accompanying temperature i8&

. "

B3 =]

(a) (b)

Figure 1.3: Hot spots resulting from non-uniform paver on an Intel Pentium ® Il
processor (a) and an Intel Itanium ® processor [7]

@) Low Heat Flu; Low Temperature )y

I 1 ‘

|

High Heat Flux High Temperature
(Flux Spot) (Hot Spot)

Figure 1.4: Schematic illustrating typical die powe map (a) and hot spot on the
corresponding temperature map (b) [8]

Hot spots often drive the thermal design of theplitkage because often they

constitute the maximum on-chip junction temperauf@epending on the application,



maximum junction temperatures will be in the range 90 to 110°C) [9]. Most

conventional cooling techniques provide uniformloapto the device and do not focus
much attention on the hot spots themselves. Thitenofesults in unnecessarily
overcooling the rest of the chip in an effort tangr down hot spot temperatures.
Therefore, other innovative and novel thermal managnt techniques must be explored

to aggressively and selectively combat the delatisreffects of on-chip hot spots.

1.2 Overview of Thermal Management Techniques
1.2.1 Passive Cooling

Passive cooling is one of the most commonly useefntal management
techniques in today’s IC packaging technology. Timsthod relies mainly on heat
conduction, spreading, and natural convection. &ebkein passive cooling focuses on
engineering high thermal conductivity materials doa¥ thermal resistance interfaces.
Advantages of passive cooling include low compiexibw cost and high reliability,
while some disadvantages may include low heat ramdwulkiness, and the inability to
cool below ambient temperature. Some examples sdiya cooling techniques include
heat spreaders, natural convection heat sinks, Ipoiihg, and reconfiguring the chip
architecture to achieve a more uniform heat dissipaand to take maximum advantage

of conduction spreading.

1.2.2 Active Cooling
Active cooling is typically more expensive than gige cooling and involves
moving parts and/or the input of electrical powiris method actively pumps heat from

a heat source to a heat sink. Some common fornastofe cooling involve fan cooled



heat sinks, fluid pumped through microchannels, get impingement cooling.
Thermoelectric coolers, or TECs, are also a forraabive cooling and offer a unique and
promising solution to the hot spot problem. Someaathges of TECs include their solid
state design, the absence of moving parts, higiabikly, and their capability to
selectively target and cool hot spots.

Recently, Chowdhuret al demonstrated that a high heat flux on-chip hot spo
could be cooled by 15°C using an integrated mingathermoelectric cooler [10]. This
advancement in chip scale cooling was achieved Bysamm x 3.5mm thin film TEC
(TFTEC) with only a ~100um total device thickneshe thermoelectric material within
the device consisted of 5-8um thick p-type ,T8%/ShTe; and n-type
Bi,Tes/BioTe, g35& .17 superlattices that were grown by metal-organicmibal vapor
deposition (MOCVD) on GaAs substrates [10]. Figlire shows a thermal image of the
Si chip with a localized heater that simulates #lcdve hot spot to be cooled by the
miniature thermoelectric cooler (heat spreader®@a@ are not shown). In this study, the

400pm x 400um hot spot produced a heat flux of Y20,

Test Chip

Localized
Heater

Figure 1.5: Infrared image of the test chip when oly the localized, high heat flux,
“hot spot” heater is powered [10]



Since miniaturized thermoelectric devices can lmeiged directly on the hot spots
and not overcool the rest of the device, they odfelistinctive and energy efficient way
of cooling on-chip semiconductor hot spots. Moreovihis technology has been
experimentally demonstrated to work and yield digant hot spot temperature
reductions. In order to understand the physicsrakttiiermoelectrics, a brief overview is

provided in the next section.

1.2.2.1 Principles of Thermoelectrics

The thermoelectric effect can be described as ¢tmearsion of energy between
electricity and heat. There are three types ofnloetectric effects that occur: the
Seebeck effect, the Peltier effect, and the Thonedfact. These effects are found to be
thermodynamically reversible and act in conjunctieith irreversible effects such as

Joule heating and thermal conduction.

Seebeck Effect Peltier Effect
a.) b.)
Source Source
T=Te+ T Qae

Sink

L&l
Figure 1.6: Conceptual schematic of the Seebeck effect (a) atite Peltier effect (b)
[12]




The Seebeck effect occurs when two dissimilar cotuds are joined at two
points that are maintained at different temperatude electromotive force will develop
over the closed loop that can be measured by ingeatvoltmeter into the loop; it is also
known as the thermocouple voltage [11].The Seeb#ekt for materials A and B,
shown in figure 1.6a, is interfacial and arises mhbkarge carriers in a conductor are
exposed to a temperature gradient within the cailmdu€he hotter electrons will diffuse
more readily than colder electrons and tend to atégto the colder area. This produces
an electric flow of current that lasts as longhese is a temperature difference along the
conductor.

The Peltier effect is the principal effect concernevith thermoelectric
refrigeration or heat pumping. This effect is aisterfacial and transports heat between
two different conductors, from one junction to dret when an electric current passes
through the closed loop circuit. In figure 1.6bathés absorbed at one junction and
carried to the other. The Peltier heat is lineathwespect to current, in contrast to the
irreversible Joule heat, which is quadratic witBpect to current. The rate at which heat
is absorbed is proportional to the current and dépen the nature of the two materials
comprising the junction. Compared to the Seebetécefwhere heat flow induces an
electric current, the Peltier effect is oppositéhvan electric current induced a heating or
cooling effect.

Also noteworthy is the Thomson effect, which isudkleffect that transports heat
within a current carrying material at one tempemtio the same material at a different
temperature (i.e. in a material with a temperagreglient). Phonons and electrons act as

the two modes of heat transfer and this effect dsn thought of as the



evolution/absorption of heat in a conducting malewhenever a current traverses that
material with a temperature gradient, thereby warteng electrons of one temperature to
a zone with electrons at another temperatlitomson heat, like the Peltier heat, is
reversible and is in addition to any irreversilbelé heat [11].

A conventional thermoelectric device is typicallyngprised of an array of p- and
n-type semiconductor materials that are orientedanes electrically but in parallel
thermally. A high conductivity metal such as coppertypically used to electrically
connect the semiconductor pillars and completeeteetric circuit. This circuit is usually
sandwiched between two ceramic substrates thaglactrically insulated but thermally
conductive, such as AIN. Schematics of a thermé@tecooler and thermoelectric
generator are shown in figures 1.7a and 1.7b, otispé/. Bismuth telluride (BiTe;) and
its alloys are commonly used as the semiconductatemals in many applications
because of their high thermoelectric propertiedleceed in the commonly-used
thermoelectric metric (Z =% k) at near room temperature, which is describeet.ldn
particular, BjTes shows the best thermoelectric properties at therekk temperature

range for on-chip thermal management [13].



Thermoelectric Cooler (TEC) Thermoelectric Generator (TEG)

a)  Cooled Surface b.) Heat Source

Ceramit

Ceramit

Ceramit Ceramit

Dissipated Heat Heat Sink

- W

Figure 1.7: Functional diagram of a thermoelectriccooler (a) and thermoelectric
generator (b)

Since the goal of this thesis is to utilize theriaotics as heat pumps, the Peltier
effect will be of most interest. Equation 1.2 shdts defining function that describes the

Peltier effect [11]:
Q= (S - S)Td - %R - K(Th—To) (1.2)

where Q is the net rate of heat transfer in w&tsnd $ are the Seebeck coefficients for
the negative and positive thermoelectric legs,eesgely, T. and T, are the temperatures
at the cold and hot sides of the TEC, respectivelis current, R is the electrical
resistance, and K is the thermal conductance. €hisation shows the competition
between the Seebeck coefficient term, which is aesiple for TEC cooling, and the
parasitic effects of Joule heating and back heatlgction from the electrical resistance
and thermal conductance terms, respectively. Theepanput in watts required to

produce the effect described in (1.2) can be wrige [11]:
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W= PR+ ($-S)(Th-Tol (1.3)
and the coefficient of performance for a TEC heahp can be written as:
COP = Q/W (1.4)

The COP is a common metric used to quantify thectitfeness of a heat engine. It is
also important to quantify the amount of heat h&EC can transfer and the maximum
temperature difference across the TEC. Derived fiteerefficiency equation of a TEC,

the equation for maximum heat flux pumping capabdan be written as [14]:

SZT 2
Omax = % Z—C — k(Th = To)
(1.5)
and the maximum temperature reduction across tl@ ddh be estimated as:
. ST 7T
max = =
2k 2 (1.6)

where L is the height of the thermoelectric legss the electrical resistivity, and k is the
thermal conductivity. Equations 1.5 and 1.6 impaving thin TE legs and maximizing
the ST/ k term, which is commonly known as the thermoeledigure of merit (ZT),

reflected in equation 1.6.

1.2.2.1.1 Thermoelectric Figure of Merit
The thermoelectric figure of merit (ZT) is a dins@nless parameter used to

assess the usefulness of a semiconductor for usieermoelectric heat engines. This
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parameter is derived from the efficiency equatidntiee thermoelectric device and
combines the coefficients of the electrical andriad properties of the semiconductor
materials. A principal aim of research and develepimnn thermoelectric materials is to
fabricate semiconductors having a value as higpoasible for the figure of merit over
the applicable temperature range of the device. [IBg terms Z and T are shown in

equations 1.7 and 1.8 respectively, where T isithan temperature of the TE leg [11].

go| >
Kp p+ kn o (1.7)
_ Tc + Th
2 (1.8)

When the positively and negatively charged therextak semiconductor materials have

similar thermal and electrical properties, Z cammbigten in a more simplified form:

SZ
Z=—
k (1.9)

where S, , and k are the average Seebeck coefficients rigi@atesistivities, and thermal

conductivities of the p- and n-type elements. luatipn 1.9, k is kept low to reduce
conduction from the hot side back to the cold sidis, kept low to reduce Joule heating,
and S is kept high to get the greatest possibleéeature difference per given amount of

electrical potential (voltage), or vice versa.
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Recent advancements in improving ZT values inclindework of Poudeét al,
who achieved a peak ZT of 1.4 at 100°C from a btenamtimony telluride (BiSbTe) p-
type nanocrystalline bulk alloy [15]. This materialan alloy of BiTes and is made by
hot pressing nanopowders that are ball-milled fiogstalline ingots. Figure 1.8 shows
ZT values as a function of temperature for the oeystalline BiSbTe alloy compared to
state-of-the-art based Bie; material. ZT is about 1.2 at room temperature p@aks at

about 1.4 at 100°C, which makes these materialfuluger microprocessor cooling

applications.
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Figure 1.8: ZT temperature dependence for nanocrysiline BiSbTe alloy and state-
of-the-art Bi,Tez material [15]

Since the 1950s, the ZT of Bie; based alloys near room temperature has
remained around 1. The improvement in ZT, in thigdg, results from low thermal
conductivity caused by random nanoscale inclusionghe bulk material; causing
increased phonon scattering by grain boundaries def@cts. The thermoelectric

properties of this material were also found to $&tropic, compared to state-of-the-art
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Bi,Te; based alloys, which have layered structures ammserjuently, anisotropic
thermoelectric properties [15]. Advancements infigere of merit ZT have been a major

driver in the development of high performance, w8t bulk thermoelectric materials.

1.2.2.2 Past Research in TEC Cooling of On-chip H&pots

Proposed uses of miniaturized TEGSECS) for on-chip thermal management
have included attachment of conventional TECs (ubmk TE materials), as well as the
formation of superlattice thin film TE material kg, on the back of the microprocessor
chip. Conventional TECs have been attached todlkk bide of a flip chip and cooled the
entire surface area of the chip [16,17] and busirhith telluride pellets have also been
directly attached to a silicon chip to form an dmpcTEC without ceramic interfaces
[18]. Additionally, thin film BkTes [19,20] and silicon germanium (SiGe) [21,22] las/er
have been grown directly on silicon substrates feefobut none of these studies have
considered the thermal effects of thEEC on a hot spot.

Previous research efforts by Wagigal have investigated various hot spot cooling
applications of UTECs on the back side of a miaopssor chip [23-25]. One of the
studied approaches, termed the silicon microcoalemsisted of a doped semiconductor
chip that contained a hot spot and a very thin diégpd SiGe cap layer and peripheral
ring electrode layer on the surface of the chipasite of the hot spot. This approach
takes advantage of the high power factd¥ (Sof the silicon and essentially utilizes the
silicon chip itself as the thermoelectric cooleraWget al have built a numerical [23] and
analytical model [24] of the silicon microcooleroptem to explore parametric trends in
hot spot temperature reduction associated withingrghip and microcooler geometry,

boundary conditions, and Si doping concentratiomother uTEC hot spot cooling
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approach researched by Wang, Bar-Cohen, and Yasdoéan the mini-contact TEC
[25]. The mini-contact is a high thermal condudinpad, usually made of copper, which
is attached to a conventional TEC in order to cotre¢e and optimize the cooling flux of
the TEC. The tip of the mini-contact is attachedh® back side of the chip and is used to

selectively remove hot spot heat.

1.3Scope of Work

The passive and active thermal management techsidascribed above have
been researched in depth but many of them do et afcomprehensive solution to the
semiconductor hot spot problem. Conventional chipling techniques involving heat
sinks or heat pipes uniformly cool the entire scefaf the chip and do not focus on
particular high heat flux regions such as hot spdte research focus of this thesis
expands on the work of Wang, Bar-Cohen, and Yand earamines unexplored
applications of the silicon microcooler and minntact TEC hot spot cooling
approaches. The specific contributions of this ithese: (1) a numerical model of a
modified silicon microcooler, with an integrated=®i superlattice layer, and parametric
comparison to the original silicon microcooler; @)parametric investigation into the
viability of commercially available TEC technologgmpatible with the mini-contact hot
spot cooling approach; (3) a study of thermal cointasistance impact on mini-contact
TEC cooling; (4) a multi-optimization and functidndependence analysis of various
parameters in a mini-contact TEC chip package;(&haew experimental results for a
mini-contact enhanced conventional TEC with 130hiokt Bi;Te; thermoelectric legs. It

is to be noted that all of the subsequent chapterdased on published and/or submitted

15



papers on the silicon microcooler [23,24,26,27] d&hd mini-contact enhanced TEC
[25,28,29].

This thesis presents various numerical resultgi®two outlined hot spot cooling
approaches (silicon/superlattice microcooler anchiqtontact enhanced TEC) and
presents experimental results to validate the ngadeamodel. The thesis is organized as
follows:

Chapter 1 discusses present and future thermalleogas in the IC
microprocessor industry and outlines the preseridaeohot problem. Thermoelectrics
are introduced as potential candidates to allewoatehip hot spots and a brief overview
into the background of thermoelectrics is giverstRasearch into thermoelectrics along
with the objective of this thesis are also presgnte

Chapter 2 provides the results of three-dimensjoedctro-thermal, finite-
element modeling of a superlattice microcooleruficg on the hot spot temperature and
superlattice surface temperature reductions, réspgc Simulated temperature
distributions and heat flow patterns in the silicomssociated with variations in
microcooler geometry, chip thickness, hot spot,dw# spot heat flux, and superlattice
thickness are provided. Comparison is made to pot sooling achieved by the Peltier
effect in the silicon microprocessor chip itself.

Chapter 3 focuses on the mini-contact TEC coolipgreach and outlines the
numerical simulation results for three differentpchackages proposed by a Taiwanese
national laboratory [30], two containing Taiwanesigned TECs, and one containing a
commercially available thin film TEC (TFTEC) [31A Taiwanese IC package with an

actual on-chip hot spot is presented and modeladenagally using ANSYS™ FE
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software. A description of the model assumptiond @arameters is given and the
thermal behavior of the Taiwanese and commerci& TEvices, as well as the hot spot,
is characterized. Several optimizations were cotagléo enhance thermal performance
and suggestions were made to improve overall cgdim future studies of the mini-
contact TEC approach.

Chapter 4 studies another variation of the minitaon TEC hot spot cooling
approach. This chapter presents numerical simulgtiwith a finite-element package-
level model, to examine the parasitic effects & thermal contact resistance, at the
interfaces of the mini-contact and TEC, on the iepéfficacy of this thermal solution.
Particular attention is devoted to the deleterieffect of contact resistance on the
thermoelectric leg height and the mini-contact sizguired to achieve the greatest hot
spot temperature reduction on the chip. Data frepeements with TEC’s, having a leg
height of 130um, combined with several sizes ofitoantact pads, are used to validate
the modeling approach and the overall conclusions.

Chapter 5 outlines a proof of concept experimestgiheed to demonstrate the spot
cooling capability of a mini-contact enhanced cartianal TEC. A brief description of
the experimental setup is provided. The experimemgtsults are used to validate the
ANSYS™ numerical model and provide confidence inHer using this numerical model
to investigate the effects of on-chip hot spots #a@dmal contact resistance.

Chapter 6 recapitulates the findings of this reseand offers recommendations

for future work.
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Chapter 2

2. Superlattice u.TEC Hot Spot Cooling
2.1 Introduction

Driven by shrinking feature sizes, microprocessbot-spots” — with their
associated high heat flux and sharp temperatuiegrias — have emerged as the primary
“driver” for on-chip thermal management of todagdvanced IC technology. Among the
techniques proposed to combat the effects of hotssghermoelectric microcoolers
( TECs) provide unique advantages. Their solid stk®ign, the absence of moving
parts, and their ability to target micron-sizedythheat flux areas, make suchECs an
ideal micro-cooling solution.

Miniaturized silicon thermoelectric coolers have ebeshown to provide
significant hot spot remediation capability, e.gmoving nearly 80% of the hot spot
temperature rise in a 70x7® hot spot with a heat flux of 680W/éron a 50m thick
silicon chip [23]. Silicon-Germanium superlatticeustures, formed on the back of a
silicon chip, have also been proposed for hot spatediation [32], but there have been
few detailed studies on the cooling capability wéls devices.

Superlattice structures are typically comprisedenifs-to-hundreds of alternating
layers of nanometer thick films, together formingamposite thin film structure several
microns thick, as exemplified in figure 2.1. Thegenumber of very thin active layers in
such superlattices is known to reduce phonon theomaductivity, through “phonon
trapping” at the interfaces between the alternatygrs, and to achieve a far more rapid
response time than conventional TEC’s [21], dutholow mass of the microcooler, as

well as to display high heat flux removal capabpjldue to the reduced joule heating in
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the thin superlattice. The present interest in Wlse of superlattice TEC's has been
prompted by these attributes, and most prominetitey/ relatively high value of the TEC
figure-of-merit, ZT (ST/ k) reported in the literature [33].

The objective of this study is to evaluate hottspooling performance of a
thermoelectric silicon microcooler, comprised aofikcon chip and a SiGe cap layer on
top of the chip, compared to a microcooler withiategrated SiGe superlattice layer
between the silicon chip and the SiGe cap layee Sthdy will explore the influence of
superlattice thickness, silicon chip thickness,rogooler size, hot spot size, and hot spot
heat flux intensity on the hot spot and superlattiemperatures, respectively. This

chapter is based on previous publications [23,22/284].

SipoGeg 4

el

200 periods
Si, ;Ge, 4/Si
superlattice

SiGe/SiGeC

relaxed buffer jp

Si (001) —— 1pum
Substrate

Figure 2.1: Transmission Electron Micrograph of Sugrlattice Microcooler from
Shakouri '06 [21]

2.2 TE Microcooler Thermophysics
Two thermoelectric microcooler configurations as@amined in this study: one

containing a superlattice structure and one withbust, a simple silicon microcooler
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will be introduced and explained, followed by anegrated superlattice structure for
comparison. These two models will be referred tehassilicon TE microcooler and the
superlattice TE microcooler, respectively.

The structure of an on-chip silicon thermoelectricrocooler used for hotspot
cooling is illustrated in figure 2.2. It is a siegklement silicon microcooler that uses the
thermoelectric properties of the silicon chip itsétlectric current conducts laterally
through the silicon chip and flows out of the relgctrode, which can be located adjacent
to or displaced from the microcooler. In the ilhaseéd configuration, the ring electrode is
located on the periphery of the chip. The metatl Je@hich is electrically isolated from
the silicon chip with a very thin Si\passivation layer (<0.3um), is employed to deliver
an electric current to the microcooler through inetal contact and silicon cap layer. A
thermoelectric cooler uses an electric currenntuce the Peltier effect, at the junction
of two materials with different Seebeck coefficenb provide localized cooling, and to

transport the absorbed heat to the hot side ahtr@noelectric circuit.

Silicon Microcooler
Current

sicecap___ (R /q”coo.er:-%iTI/Acoo.e,
A
Si Chip

A A 4 AAAr A A 4
Background heat flt Hot Spot

Figure 2.2: Schematic of the thermoelectric microcaler model
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The figure 2.2 schematic of the silicoMEC cooler shows that the electric
current flowing through the indicated circuit retsuin Peltier cooling at the junction of
the metal contact/silicon cap and again at theailicap/silicon chip interface, but causes
Peltier heating at the silicon chip/ring electrodirface, where energetic electrons must
shed some of their energy in entering the highlyetwtive metal. In addition, the
resistance to current flow leads to Joule heatinghe elements of the thermoelectric
circuit, most notably in the silicon chip.

The Peltier cooling rate at the metal contactfsiliccap interface can be

expressed:

Ore1 = (Snetai— Sap Tl -Seapldl (2.2)

where Seta and Sap are the Seebeck coefficients of the metal coraadt silicon cap
layer, respectively, and;Tis the absolute temperature at the interface twiee metal
contact and the silicon cap layéris to be noted that by comparison to the higalfeek
coefficient of silicon materials under considerafithe Seebeck coefficient of the metal
contact, Setas IS Negligibly low [26]. The Peltier cooling rat the silicon cap/silicon

chip interface is given by:

Ore2 = (Sap— Si) T2l (2.2)

where S is the Seebeck coefficient of the silicon chip,ickhvaries with the doping
concentration [35], and;Tis the absolute temperature at the interface lerivilee silicon
cap layer and silicon chip. Since the highly-dogéiton cap layer is very thin (<1um)

and the thermal conductivity is large (100~110W/mK 3 3K), the temperature
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difference between these two interfaces can beentgl, i.e. T T, = T.. Thus, the

overall Peltier cooling rate of the silicon TE ndcooler can be expressed as:

Orec= Gre1 + Ore2 = -Seapl 1l + (Seap— Si) T2l -SsiTel (2.3)

where T is defined as the microcooler temperature. Theeefan such a silicon
thermoelectric microcooler configuration, to a vggod first-approximation, the overall
intrinsic Peltier cooling rate depends only on 8exbeck coefficient of the silicon chip,
the microcooler temperature, and the applied ctirren

Similarly, the Peltier heating at the silicon chipg electrode interface of the

present microcooler configuration can be expressed

Oren = SsiThl (2.4)

where T, is the absolute temperature on the ring electréttevever, due to the large

surface area covered by the ring electrode/silicoip interface, Peltier heating at the
electrode can be expected to result in a minimedlltemperature rise and a negligible
effect on the hot spot temperature.

In order to facilitate the numerical modeling am@rmal simulation of the IC
package without the penalty of very large node t®and long computational runs, the
detailed structures of the microcooler, includitg silicon cap and the metal contact
layer, were combined into a single ANSYS™ “surfacdity” attached to the top of the
silicon chip. This “surface entity” is capable argerating a cooling heat flux equal to the
combined Peltier cooling effect at the metal cotisdicon cap interface and at the

silicon cap/silicon chip interface, as in equatib&. Due in part to the 0.8 thickness of
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the silicon cap layer, volumetric Joule heatingthe silicon cap layer was found to
typically produce a heating flux two orders of miagge lower than the cooling flux
produced by the microcooler and was therefore wegle The net Peltier cooling effect
can then be expressed as an internal heat fluxdasyrcondition on the surface of the

microcooler:

q"7E,si, cooler= ~SsiT /A cooler (2.5)

where Awqoler IS the area of the microcooler. This approximatsggnificantly simplifies
the numerical computations.

Next, we turn to the superlattice microcooler, witle understanding that at the
limit of a zero thickness superlattice, the suggda TEC devolves back into the silicon
thermoelectric microcooler. Figure 2.3 provides-dr8ensional representation of a SiGe
superlattice, including the distinct thicknesslaé alternating layers of the Si and Ge that
constitute the superlattice. The corresponding daon conditions for the superlattice

microcooler are also shown in figure 2.3.

Superlattice Microcooler

Current SiGe Cap
q'1= 'SE,LTll/AcooIer\ l l * /Superlattice
q"2 = (Ssv - Ss) T2l/Acoole: -/R Electrod
Si Chip

A A A AAA A A A
Background heat flux Hot Spot

Figure 2.3: Thermoelectric Microcooler with Integrated SiGe Superlattice Layer
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For the superlattice microcooler, equation 2.5 gearto:

J"TE,SL, cooler= (SSL - SSi)TZI/AcooIer (2-6)

where 3. is the Seebeck coefficient of the superlattice Bnid the absolute temperature

at the superlattice/silicon chip interface. Thisege is made in order to recognize that
the effective superlattice Seebeck coefficienisfaktween the metal lead and the silicon
and that, consequently, Peltier cooling occurs aoth Isides of the superlattice structure.

The Peltier cooling at the top of the superlatiscehus, given by:

q"1e.sL = ~SsLTal/Acooler (2.7)

where T is the temperature at the top of the superlatG@amceptually, equations 2.6 and
2.7 can be summed to yield the effective coolintp rat the interface between the

superlattice TEC and the silicon chip.

2.3 Modeling Methodology for On-chip Hot Spot Coolng

The commercial finite element software, ANSY,Swas used in this study to
simulate the thermal and thermoelectric behaviofsthe silicon and superlattice
microcoolers, using a half-symmetry three dimersid3-D) thermal-electrical model
with a total element number of 100,000 - 200,000te entire package. Several “help
volumes” were created inside the Si chip and ardbednicrocooler to accurately model
the high heat flux of the hot spot compared tortheh lower surrounding heat flux. The
average runtime for a typical simulation was apprately 15 minutes on a Dell
Dimension 2400 computer with Intel Pentium 4 preoesBelow, figure 2.4a represents

the full model including the microcooler centerddtee top of the silicon chip, the two
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thermal interface layers, the integrated heat sj@eaand the heat sink. The lateral
dimensions of the chip, heat spreader, and heltasan 1.1cm x 1.3cm, 3.1cm x 3.1cm,

and 5cm x 5¢cm, respectively.
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Figure 2.4: Finite Element Model of Chip Cooled by TEC (a) Entire chip package
FE model, (b) Heat flux distribution on the bottomof the chip surface, (c) Image of
the model meshing in ANSYS™, (d) Mesh sensitivityof the silicon microcooler
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ANSYS™’ thermal-electrical element - Solid 69 - @awtatically calculates the
bulk Joule heating in each element and hence thatghe modeled space by solving
the current continuity and heat conduction equatif26]. This feature allows both
thermal and electric fields to be resolved throupermal-electrical coupling. As
illustrated in figure 2.4a, a ground voltage of@es applied as a boundary condition on
the surface of the ring electrode. Electric curisnhen applied as a surface load onto the
microcooler surface, for the non-superlattice casa onto the top of the superlattice
structure, for the superlattice case. In this wkyle heating from the silicon chip could
be simulated directly using the thermo-electricalde of ANSYS™. The elements are
densely located for both cases around the micrecaoid the hotspot where the largest
temperature gradient is expected to occur. Meslsifem the silicon chip around the
microcooler is also high in order to accuratelycaldte the thermal and electrical
spreading effects and three dimensional distrilbuted Joule heating, as indicated in
figure 2.4c. For purposes of the thermoelectric eliod study presented herein, the
details of the solid-state circuitry in the actimegions of the chip, including individual
transistors, gates, capacitors, etc., are ignomed the heat generated from these
components is represented as a 680W/a®umx70um hotspot surrounded by a
background heat flux of 70W/cnon the bottom surface of the silicon chip, as ctegi in
figure 2.4b. A ring electrode at a distance of 4fnom the center and a width of 0.3mm
is also included. The mesh sensitivity for thecsifi microcooler numerical model in
figure 2.4d shows a very small temperature diffeeein a solution with increased

element count.
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The major heat transfer path in the modeled spacssumed to be from the
active region at the bottom of the silicon chipthe top side, then through the heat
spreader to the heat sink by conduction, and froenheat sink to the ambient air by
forced convection. Two layers of solder-like thetiméerface material (TIM) - on either
side of the heat spreader - are included in theaemndthe thermal contact resistances at
these two interfaces are included in the effedinermal conductivity value of 30W/mK
used for the 1748 TIM’s [26]. To simplify the modeling geometry,ehdetails of the
heat sink fins are not included in this model andtead, an equivalent convective heat
transfer coefficient of 730 W/AK is applied as a boundary condition on the tofiase
of the heat sink base to achieve a commonly atfaimeat sink-to-ambient thermal
resistance of about 0.55K/W [23]. Also, homogenemaderial properties and uniform
thicknesses are assumed for the silicon chip, themterface materials, heat spreader,
and heat sink base. The geometric parameters atetiahgroperties for the packaging

materials are listed in table 2.1.

Table 2.1: Geometry and Material Properties fommEC-cooled Chip Package

Thermal Electric
Conductivity | Resistivity
Dimension (LxWxH) (W/mK) (_cm)
11mmx13mmx (20 to
Silicon Chip 200pm) 110 0.00462
TIM (st layer) | 11mmx13mmx178pn 30 100
IHS 31mmx31mmx1.5mm) 150 100
TIM (2™ layer) | 31mmx31mmx178un 30 100
Heat sink base 50mmx50mmx5mn 360 100

While in this study the thickness of the supertattianges from Im to 20 m, its
cross sectional area is always the same as the@comer. Following Zhang et al [36],

the superlattice has a thermal conductivity of WAnK, an electric resistivity of 0.0016
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cm, and a Seebeck coefficient of 200K. The thermoelectric material properties of
the silicon chip, i.e. the Seebeck coefficient #mel electrical resistivity, are determined
largely by the doping concentration in the silicoAn optimum silicon doping
concentration of 2.5x*®cm?, which yields the highest silicon power factof/($5.79
[27]) at the TEC operating temperature of approximately 1001@, assumed negligible
electrical contact resistances in th€ECs structure were chosen to produce the most

favorable temperature reduction results.

2.3.1 FEM Model Validation

The present analysis of integrated SiGe superattnicrocoolers builds on a
fabricated superlattice, with measured materiapertoes as above, which was studied
experimentally by Shakouri and co-workelrs this heterostructure thin film microcooler
experiment, a 3m thick superlattice, with contact areas of 60x&f 70x70 m?
100x100 m?, and 150x150m? respectively, was used to cool a 586 thick silicon
chip, as shown in the schematic representatioigurd 2.5 [36]. The chip was placed on
a temperature controlled heat sink at a fixed antbig5°C. Standard E-type
thermocouples were placed on top of the microcoaladl at the chip, and an ILX
Lightwave LDX3220 current source powered the miowmder through probes [36]. A
maximum temperature reduction of 4.5°C was achievigl the 60x60m? microcooler
at the surface of the metal contact. These reao#tsised to validate the Finite Element
model and simulation approach developed in thiglystand to facilitate a detailed
exploration of the parametric sensitivities of su@tC devices.

An FEM ANSYS" model, geometrically matched to Zhang et al’s [@6pratory

microcooler, was created. The boundary conditians material properties used in the
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simulation were based on information provided i8]{3ncluding a Si chip Seebeck
coefficient of 325V/K and a superlattice Seebeck coefficient of 20K. Figure 2.6

shows a sample numerical solution of the experiailesuperlattice microcooler.

0.3 m SipGey» 1.5 m Metal
Cap Layer / Contact
s \ lCurrent
b.go&.2 0.3 mSi
Superlatice Lay!’\Hv'”s“'a“”g D’k‘yer
1 m Buffer
535 m Si Chip Layer
X
| T=2EC

b b

Figure 2.5: Zhanget al“3D Electrothermal Simulation of Heterostructure Thin
Film Micro-coolers” 2003 [36]
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Figure 2.6: Temperature Distribution in Chip with | ntegrated Superlattice
Microcooler [Chip=535 m Silicon; Superlattice = 3 m thick, 60x60 m?, 0.6A, and
7.11x10" —cnt contact resistance; ambient temperature = 25°C]

In developing an ANSYS™ model for such a supedattithermoelectric
microcooler, attention must be devoted to the tlaroontact resistance that occurs
between the superlattice and the silicon chip,tddattice mismatches and the somewhat
imperfect adhesion of the two structures. In theseabe of a direct empirical
measurement of this contact resistance, a comparszween the results of the
ANSYS™ simulation and the experimental data candesl to determine the value of the
electrical contact resistance which provides th& bgreement between the two. For best
results the contact resistances were found to bemyeen 7x10 —cnt and 20x10 -
cn? and to fall in the range of the values suggestediang et al, which was 6x10 —
cnt [36].

Figure 2.7 displays the experimental and simulatechperature reductions

achieved by the superlattice microcooler on thefaser of the metal contact. The

30



parabolic variations in surface cooling with cutreaflect the interplay between the

Peltier cooling effect, which increases linearlyttwihe electrical current, and Joule
heating, which increases with the square of theeatirand yields an optimum current at
which the best cooling is achieved. Since the &adtmaperature depends on the current
flux, larger microcoolers require higher optimumrremts, as shown. The predicted
values in this figure reflect the use of the “b@Stcontact resistance determined for each
individual cooler size and seen to fall in the aiptited range. The resulting root-mean-
square discrepancies between the empirical reanlissimulated values range between
0.37°C — 0.20°C. The agreement in the functionahfof the temperature variation and

the actual cooling values between simulation armgeamental results creates confidence
in the modeling methodology and provides the fotindafor more detailed parametric

studies of SiGe superlattice microcoolers.

Experimental vs. Simulation: Variable
Contact Resistance

#”" eetp— 6060 simulation
el 70X70 SiMulation
ey 100100 Simulation
e 150%150 Simulation
....... 60x60 experiment

....... 70x70 experiment

....... 100x100 experiment
....... 150x150 experiment

Cooling (C)

1.5

0 200 400 600 800 1000
Current (mA)
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Contact Resistance Tims

60x60 m? 7.11x10" -cn? 0.08822
70x70 m? 7.89x10° -cn? 0.20122
100x100m® | 18.13x10° -cn® | 0.12428
150x150 m* | 19.81x10' -cn® | 0.03737

Figure 2.7: Surface Temperature Reductions with Sugrlattice Microcoolers

2.3.2 Model Simplifications

To reduce the complexity of the FE model and rediheecomputational time,
certain assumptions are made about the structurtheofsuperlattice. Typically the
superlattice is comprised of alternating layersnaterials, taken in this study to be SiGe
and Si, each on the order of 5-10nm thick, layeoedtop of one another for
approximately 100 periods. The result is a sup@tatstructure with a thickness from
1 m to 20 m. In reality it is difficult to fabricate a 2@n thick superlattice. However,
ANSYS™ can easily model the theoretical behavioswth a structure. In the model, it
is assumed that the superlattice is one homogenkyes with a set of “effective”
material properties that reflect the overall Se&bmefficient, thermal conductivity, and
electric resistivity of the 3D structure. This asgaion is made to facilitate the efficient
simulation of the surface temperatures and effetite@ TEC on the hot spot temperature
but does sacrifice the ability to determine thegerature of the individual layers within
the superlattice.

Moreover, in the present study, focused on the @watwe effectiveness of hot
spot cooling by two configurations of thermoelactnicrocoolers (with and without an
integrated superlattice), it is assumed that athefinterfaces are perfect and lossless and

that there is no electrical contact resistance eeitwthe microcooler and the silicon, or
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elsewhere in the model. Simulations show that ewéh the addition of a readily
achievable contact resistance of 2810cm at the top of a 200x20M? microcooler with

a 10 m thick superlattice on a 5t Si chip, the maximum achieved cooling at the hot
spot and microcooler interface is only reduced lbyud 0.1K and the relative temperature

reductions for the various configurations remaiaftected.

2.4 Results and Discussion
2.4.1 Thermal Characteristics of a TE Microcooler

The FEM simulated thermal characteristics of theglactric microcoolers are
displayed in figures 2.8 and 2.9, showing the flileat pattern in the through-thickness
direction in the vicinity of a 200x20@n* microcooler across from a 70x7#®® hot spot
on the bottom of a 50n thick chip. Figure 2.8a, showing the nearly hgrésical heat
flux vector distribution for the uncooled situati@s to be contrasted with figure 2.8b
which displays the heat flux vectors when Pelt@olimg is produced at the silicon chip
surface by an electric current of 0.6A. The effemtiess of the silicon microcooler in
altering the pure conduction heat flow pattern attdacting heat from the hot spot, as
well as the peripheral areas, is clearly visiblégare 2.8b.

While this same general behavior is on displayigures 2.9a and 2.9b for the
dormant/activated superlatticeTEC, in the uncooled chip the presence of the low
thermal conductivity 10m thick superlattice layer, with a thermal condutfi of
6.5W/mK, is seen to pose an impediment to heat flownal to the chip surface, leading
to a distinct enhancement of the in-plane heat flaway from the microcooler.
Activation of the superlattice with a 0.6A currethbes draw the heat from the chip

towards the superlattice microcooler but at someéwd@duced intensity, due again to the
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low thermal conductivity superlattice layer. Thesuking temperature distributions for
the two activated microcoolers are shown, respelstivn figure 2.1Qrevealing similar
patterns, but somewhat warmer hot spot temperatarebe superlattice configuration.
The temperature profiles for the activ8 ECs follow a characteristic “W” pattern, as
previously observed in the literature [28]. Thisttpan helps mediate the large
temperature spike caused by the hot spot and helpsve temperature uniformity along
the bottom (active) surface of the chip.

Figure 2.11 shows the normal heat flux distribusi@hong the top of a &n Si
chip, cooled by a silicon microcooler or a sup¢idat microcooler, both with no
background heat flux imposed on the bottom of thi@ ¢only an active 680W/cfrhot
spot) and with an operating current of 0.6 Amps @memps, respectively. It is seen that
for the uncooled chip, as well as in the presentcero operating microcooler, the
superlattice integrated on the back of the chipviples somewhat lower heat removal
capability (by approximately 5%), than achievablghwhe silicon microcooler. When
operating at their optimum current, th€EECs dramatically increase the normal heat flux
on top of the chip, particularly at the centertwé thip where the peak heat flux increases
by approximately 150W/cfn(for each respective cooler) over the flux whea tRECs
are turned off, reaching approximately 250W/crfror comparison, the normal heat flux
distributions along the top of the chip are alsovam for a 20pum chip and a 100um chip
in figures 2.12 and 2.13, respectively. For tharkr 20um chip, the peak normal heat
flux at the center of the chip with the silicon maicooler (operating at 0.6A) reaches

400W/cnf some 60% of the hot spot heat flux. The peak nbtmat flux for the same
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case with a 100um chip is increased by approximaf80W/cnf to more than

210W/cnf, or by a factor of approximately 7, with an actachmicrocooler.

Figure 2.8: Heat flux distribution in silicon chip with hot spot [q"=680W/cm?,
L=70 m] (a) no TEC cooling and (b) with TEC cooling froma silicon microcooler
operating at 0.6Amps.
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Figure 2.9: Heat flux distribution in the silicon chip with hot spot [q"=680W/cm?,
L=70 m] (a) no TEC cooling and (b) with TEC cooling froma superlattice
microcooler operating at 0.6Amps.
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Temperature Distribution Along Bottom of Chip
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Figure 2.10: Temperature distribution along the botom of a TEC-cooled silicon
chip die with hot spot [operating at 0.6Amps and Ofps, respectively]

Normal Heat Flux Distribution on Top of 50 m Chip w/ No Background Flux
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Figure 2.11: Normal heat flux profile along the topof a TEC-cooled 50 m thick
silicon chip [0.6 Amps and 0 Amps, 200x200n? microcooler, 70x70 m? hot spot,
680 Wi/cnt heat flux at hot spot.]
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Normal Heat Flux Distribution on Top of 20 m Chip w/ No Background Flux
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Figure 2.12: Normal heat flux profile along the topof a TEC-Cooled 20 m thick
silicon chip [0.6 Amps and 0 Amps, 200x200n? microcooler, 70x70 m? hot spot,
680 Wi/cnt heat flux at hot spot.]
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Figure 2.13: Normal heat flux profile along the topof a TEC-cooled 100 m thick
silicon chip [0.6 Amps and 0 Amps, 200x200n? microcooler, 70x70 m? hot spot,
680 Wi/cnt heat flux at hot spot.]

2.4.2 Parametric Analysis

To gain a better understanding of the detailechbiein of a superlattice equipped

microcooler, it is helpful to observe the effect dibtinct variations in the geometric
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parameters and boundary condition, relative to selb@e design. The previously
described baseline design involves arhOthick superlattice, operating at 0Mnps, a

50 m thick Si chip, a 200x200n? microcooler, a 70x7an* hot spot region, and a
680W/cnf hot spot heat flux, along with a 70W/Eimackground heat flux on the bottom

of the chip.

2.4.2.1 Superlattice Thickness

Figure 2.14 shows several key temperatures in titegiated superlattice
microcooler chip, including the minimum hot spanfeerature, the minimum superlattice
temperature, and the temperature of the interf@teden the chip and the microcooler,
respectively, as a function of the superlatticekhess in the range of B to 20 m. It is
important to note that the temperatures shown engeaed at different currents, each

TEC configuration requiring an optimum current thigve its best performance, with
current typically ranging from 0 to 1Amp. It shoulet noted that the zero-thickness
superlattice microcooler — by definition — becorttessilicon TEC.

As is clearly visible in figure 2.14, the lowesttlspot temperatures are achieved
with vanishingly thin superlattice thicknesses,. iwith the silicon thermoelectric
microcooler. It is evident that as the superlattitekness increases, the minimum hot
spot and chip/microcooler interface temperaturss @lmost linearly, by approximately
1K over the indicated thickness range, leading roggessively poorer cooling at the
semiconductor hot spot. Alternatively, the surfaeenperature on the top of the
superlattice — the furthest removed from the hot smd separated from this heat source
by the relatively low thermal conductivity “phondrapping,” alternating layers of SiGe

— is seen to decrease by some 1.5K as the superldtickness increases tor@f. Thus,
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use of a thicker superlattice does significantlywdo the temperature at the top of the
superlattice surface, but not at the base surfdm¥evcontact is made with the chip and,

hence, not at the semiconductor hot spot.

Minimum Temperature vs. Superlattice Thickness
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Figure 2.14: Temperature variation in superlatticecooled silicon chip — varying
superlattice thickness [200x200m? cooler, 50 m Si chip, 70x70 m? hot spot, and
680W/cnt hot spot heat flux].

2.4.2.2 Si Chip Thickness

Variation in the hot spot temperature with chigkhess from 0 to 206, for the
baseline 10m superlattice configuration, is shown in figurd2. The thickness of the
silicon (or chip) is seen to have a profound effectthe temperature of the hot spot,
decreasing with chip thickness until a minimum tenagure is reached and then rising as
the chip thickness approaches zero. The minimursplbttemperature, with both the
silicon microcooler and the superlattice microcoolespectively, is seen to occur at

nearly the same chip thickness of 40-80 This provides an “optimal” ratio of
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microcooler width to hot spot width in the previbusbserved range of 5-6 [Warag al,
27]. However, it is clear that the siliconTEC provides a 1.3K lower hot spot
temperature than achieved with the superlatticéC.

Figure 2.16 shows maximum hotspot cooling achidwethe silicon microcooler
and the superlattice microcooler. Starting withilecan chip of 200m thickness, the
cooling achieved with and without a superlatticeucure improves as the Si chip
becomes thinner. However, when the chip thicknpgsaaches 10-20n, the maximum
cooling for both cases levels off. Once again,nttaximum hot spot cooling achieved by
the silicon TEC is greater by about 0.5K than the maximum cogolalue of the
superlattice TEC.

The variation in hot spot temperature with theckhess of silicon reflects the
competing effects of lower conductive resistancenéicial) and greater proximity to
Joule heating in the chip (detrimental) associatdith a reduced separation distance

between the microcooler and the hot spot.
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Minimum Hot Spot Temperature vs. Si Chip
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Figure 2.15: Temperature variation in TEC cooled silicon chip — varying chip

thickness [200x200m? cooler, 10 m superlattice, 70x70 m2 hot spot, and
680W/cnt hot spot heat flux].
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Figure 2.16: Temperature reduction in TEC cooled silicon chip - varying chip

thickness [200x200m? cooler, 10 m superlattice, 70x70 m? hot spot, and 680W/crf
hot spot heat flux].
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2.4.2.3 Microcooler Size

To clarify the effect of microcooler and Si chigametry, the impact of
microcooler size on hot spot cooling, for a fixddpcthickness of 5@m, was explored.
Figure 2.17 reveals a relatively broad optimum tfeg microcooler dimension, falling
within 200x200 m? to 300x300m? for the silicon microcooler and within 300x306°
to 400x400m? for the superlattice microcooler, and providinglyora modest
improvement beyond the cooling achieved with th@x200mm? microcoolers. As seen
in figure 2.18, the silicon microcooler was ableréaluce the hot spot temperature by
more than 2.2K at 250x25?, or about 0.6K greater than the superlattice noimoter.
However, this advantage begins to diminish as tiearooler becomes larger and the
effects of the superlattice become less pronountiee .apparent optimal microcooler-to-

chip ratio of 5-6 is again in agreement with theyiously findings by Wangt al[24].

Minimum Hot Spot Temperature vs.
Cooler Size

106.6
106.4 -

106.2 - —— Superlattice cooler
106 - —@—Siliconcooler
105.8 -
105.6 -
105.4 -
105.2 -
105 -
104.8 -
104.6

Tmin (C)

0 100 200 300 400 500 600
Cooler Size ( m)

Figure 2.17: Temperature variation in TEC cooled silicon chip — varying
microcooler size [10 m superlattice, 50 m Si chip, 70x70 m? hot spot, and
680W/cnt hot spot heat flux].
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Figure 2.18: Temperature reduction in TEC cooled silicon chip - varying
microcooler size [10 m superlattice, 50 m chip, 70x70 m? hot spot, and 680W/cr
hot spot heat flux].
2.4.2.4 Hot Spot Size and Hot Spot Heat Flux

To complete the parametric exploration of the piaémenefits associated with
the use of superlattice microcoolers, the hot sj# and heat flux — providing thermal
boundary conditions for the ANSYS™ model - will baried for the fixed baseline
geometry. As evident in figures 2.19 and 2.20,hbespot temperature increases nearly
linearly with these two boundary conditions. Desyitie relatively thin chip analyzed in
this study, it is noteworthy that the linear depemzk of the hot spot temperature with hot

spot heat flux and hot spot side length is remansof the classical result for a discrete

heat source, i.e. hot spot, on a semi-infinite,sigven by equation 2.8 [37]:

DT _ q;]s,semivvhs (2'8)

semiinf — 05
P K
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where @ssemi IS the heat flux of the hot spot on the seminnite slab, ws is side length
of the hot spot, andiks the thermal conductivity of the silicon chip,semi-finite slab.
However, the thermoelectric-induced cooling of tie spot is nearly invariant
with hot spot heat flux and size, remaining virtya@onstant across the range examined.
Thus, as seen in figures 2.21 and 2.22, respegtivitle superlattice equipped
microcooler reduces the hot spot temperature bylynda75K, while the 200x200m?
silicon microcooler lowers the temperature by clos.1K, for hot spots ranging from
20x20 m? - 200x200m?, as the hot spot heat flux increases from 3000@0%/cnf.
Clearly, these results show once again that theosilmicrocooler achieves greater hot
spot cooling than the superlattice microcooler.

Minimum Hot Spot Temperature vs.
Hot Spot Size

113
112 -
111
110 -
109 -
108 -
107
106
105
104 -
103
102

Tmin (C)

—&@— Superlattice cooler
—@—Siliconcooler

0 50 100 150 200 250
Hot Spot Size ( m)

Figure 2.19: Temperature variation in TEC cooled silicon chip - varying hot spot
size [10 m superlattice, 50 m chip, 200x200 m? microcooler, and 680W/cm hot
spot heat flux].
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Minimum Hot Spot Temperature vs.
Heat Flux
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Figure 2.20: Temperature variation in TEC cooled silicon chip — varying hot spot
heat flux [10 m superlattice, 50 m Si chip, 200x200m? microcooler, and 70x70pr
hot spot].
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Figure 2.21: Temperature reduction in TEC cooled silicon chip - varying hot spot
size [10 m superlattice, 50 m chip, 200x200 m? microcooler, and 680W/cm hot
spot heat flux].
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Figure 2.22: Temperature reduction in TEC cooled silicon chip — varying hot spot
heat flux [10 m superlattice, 50 m Si chip, 200x200m? microcooler, and 70x70pr
hot spot].
2.5 Conclusion

A geometric and thermal boundary condition paraimednalysis of hot spot
cooling has been performed using the results oindefelement simulation of a
thermoelectric microcooler, with and without an egrated superlattice structure.
Superlattice thickness, silicon chip thickness,rogooler size, hot spot size, and hot spot
heat flux were systematically varied while the otftair parameters were held constant.
It was determined that while the top surface ofdhperlattice always achieves the lowest

local temperatures, hot spot cooling and hot spitperature reduction does not benefit

from the use of a microcooler with an integratepeslattice.

47



Chapter 3

3. TEC Mini-Contact Cooling of On-chip Hot Spot
3.1 Introduction

The work detailed in this chapter has been a cotltive effort between the
University of Maryland College Park (UMD) and a Wwanese national lab [30] to
explore the potential use of mini-contact TEC’s émoling on-chip “hot spots” within
Taiwanese packages. The mini-contact, which i<latiéh between the Si chip and TEC,
is a high thermal conductivity pad that concensated increases the cooling flux of the
TEC. UMD has used a numerical ANSYS™ finite elem@#E) model to design and
identify the optimum dimensions of the mini-contgmds for three different chip
package configurations; two using Taiwanese dedigriteCs (with 250m and 500m
TE leg heights) [30] and one configuration withammercially available thin film TEC
(TFTEC) [31]. These simulations were used to determine on-chipspot temperature
reductions and temperature distributions alongattieve surface of the chip.

This chapter also outlines the parameters and gagme used in the ANSYS™
FE analysis. Model geometry, boundary conditionatemal properties, and meshing are
discussed and a solution for the maximum hot spolirng, as a function of mini-contact
size, is presented. Under the assumption that tderamtact resistance is very low at the
Si chip/mini-contact/TEC interfaces, ANSYS™ simidat project hot spot cooling of
18.6°C and 17.7°C for active Taiwanese TEC’s with [Eg heights of 250m and
500 m TECs, respectively, and hot spot cooling of 3.606€ an active commercial

TFTEC relative to when the TEC device is turned off
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Additional ANSYS™ simulations were performed to wed negative effects
associated with the presence of the TEC/mini-cantsing a hypothetical TEC with
optimized TE leg height and mini-contact size. Dp#imized TEC produced 13.3°C of
hot spot cooling when operating at optimum cureerd reduced the hot spot temperature
by 9.3°C compared to a chip package with no TEGhsontact present. ANSYS™
simulations were also performed to reduce negatifects associated with the presence
of the TFTEC/mini-contact using a decreased latéxedt spreader gap. This chip
package configuration only produced 2.6°C of hottspooling when operating at
optimum current. Suggestions are made to improegadvcooling performance of mini-
contact TEC’s and for future studies of this coglapproach.

3.2 Mechanism and Simulation of Mini-Contact Enhaned TEC for Hot Spot
Cooling
3.2.1 Concept of Mini-Contact Pad

The implementation of a thermally conductive coppeni-contact between a
silicon chip and a TEC can serve to dramaticalyease the cooling flux of the TEC by
concentrating it onto a smaller, more localizedad88].

One of the main advantages of this novel coolingr@gch is that it enhances the
thermal performance of TEC technology achievablth wresent commercial practice.
Wanget al have previously investigated this approach andipred hot spot temperature
reductions of as much as 10-15K, depending on talecontact resistance [28,29].

Figure 3.1 shows the concept of the mini-contadtaeced TEC. Uniform
thermoelectric cooling of the chip in, figure 3.tesults in elevated temperatures on the

active surface of the chip near the hot spot. Alg&vely, implementing the mini-contact,
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in figure 3.1b, focuses the cooling flux of the THectly over the hot spot and allows
the TEC to remove a significantly larger fractidrtiee hot spot heat dissipation. Another
unique feature of this novel cooling technologyhiat it only introduces a thin TEC/mini-

contact/spacer layer on the backside of the clapadan be integrated with a conventional

heat spreader and/or heat sink.

a.) Conventional TEC
Ceramic |
Ceramic |
FTTTTT $iidonloie
Hot Spot

b.) Mini-Contact Enhanced TEC

Ceramic |

Ceramic

(1)) stcon ot

Hot Spot

Figure 3.1: Concept of the mini-contact enhanced TE for on-chip hot spot removal

Copper Mini-
Contact

3.2.2 Numerical simulation of Taiwanese Mini-ContacPackage
3.2.2.1 Package Geometry
Figures 3.2 and 3.3 below display the proposed dia@se chip packages with the

Taiwanese designed TEC and commercial TFTEC, r&éspbc Both package
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configurations feature an integrated mini-contatables 3.1 and 3.2 provide the
dimensions and thermal conductivity values for freewanese TEC and commercial
TFTEC packages, respectively. The Taiwanese TE@ phckage, as described in an
email from the Taiwanese lab [39], is comprisedaFEDEC thermal test board, solder
ball layer, silicon substrate, micro bump/filleryéa, and a silicon thermal test chip
attached to a mini-contact, TEC, and TIM2 interfacsed in sequence starting at the
silicon substrate. The heat spreader surroundsStrehip, mini-contact, and TEC and
dissipates heat towards the TIM1 interface and kiektabove. The commercial TFTEC
package, shown in figure 3.3 and described in aailednom the Taiwanese lab [40], is
very similar to the package described above, batufes the commercial cooland
contains a diamond-like carbon (DLC) layer betwéam TIM2 layer and the Al heat
spreader. DLC is a very thin 2um deposited layeh wery high thermal conductivity
(~467W/mK - assumed isotropiend high electrical resistivity; it acts as an tieal
insulator such that metal traces can be deposié¢al ib to enable wire bonding to the
TEC. Both packages feature similar dimensions amateral properties; however, the

commercial TFTEC is much smaller than the Taiwamesegned TECs.

z Y .
———————— Heat sink
X /

TIM1 (Thermal grease)

e

A Heat soreader (7.5mmx7.5mmx2mm)
TIM2 (Thermal adhesion}— ;_A/ )
—/Thermal test chip (5.7mmx5.7mmx0.15mm)
TEC (3mmx3mm) Exclude h_ot spot area Pyax =13W
N |_—Bump (height: 40um)

Mini contaFt ] l4— Silicon substrate (7.5mmx7.5mmx0.55mm)
Hot spot (Immx1mm) at chip <4—Solder ball (diameter: 350um)
center

PMax =3W

Figure 3.2: Proposed Taiwanesenini-contact chip package with Taiwanese designed
TEC [39]
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For longer TEC direction
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Figure 3.3: Proposed Taiwanese mini-contact chip p&age with commercial

TFTEC [40]

Table 3.1: FE Package Geometry and Thermal Conduatity for Taiwanese TEC

Thermal

Geometry (XY 2Z) Materials Conductivity
Silicon Substrate 7.5mm x 7.5mm x 0.55mm | Si 95-120 W/mK*
Micro Bump Layer | 5.7mm x 5.7mm x 40um Cu/Sn 5 W/mK **
Silicon Chip 5.7mm x 5.7mm x 150pm Si 95-120 W/mK*
Mini Contact Tip 50pm in z-direction*** Cu 360 W/mK
Mini Contact Base 3mm x 3mm x 100um Cu 360 W/mK
Bottom Ceramic
Substrate 3mm x 3mm x 380um AIN ceramic 180 W/mK
TE Elements Z dim. of 250um & 500um Bi2Te3 0.35-0.66 W/mK*
Bottom Ceramic
Substrate 3mm x 3mm x 380um AIN ceramic 180 W/mK
TIM2 3mm x 3mm x 100um 30 W/mK
Heat Spreader 7.5mm X 7.5mm x 2mm Cu 360 W/mK
TIM1 7.5mm X 7.5mm x 175pm 30 W/mK
Heat Sink 3cm x 3cm x 1cm Al 180 W/mK
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Table 3.2: FE Package Geometry and Thermal Conduatity for commercial

TFTEC
Thermal

Geometry (XY 2) Materials Conductivity
Silicon Substrate 7.5mm x 7.5mm x 0.55mm | Si 95-120 W/mK*
Micro Bump Layer 5.7mm x 5.7mm x 210um Cu/Sn 5 W/mK **
Silicon Chip 5.7mm x 5.7mm x 150um Si 95-120 W/mK*
Mini Contact Tip 500um in z-direction**** Cu 360 W/mK
Mini Contact Base 740pm x 740pum x 500um Cu 360 W/mK
TIM1 740um x 740um x 50um 13 W/mK
Bottom Ceramic
Substrate 740um x 740um x 250um AIN ceramic | 180 W/mK
TE Elements 300um x 300um x 20um Bi2Te3 1 W/mK**rxx
Top Ceramic 2.34mm x 1.24mm X
Substrate 250um AIN ceramic | 180 W/mK
TIM2 740um x 740um x 50pum 13 W/mK
Cu Heat Spreader 7.5mm x 7.5mm x 2mm Cu 360 W/mK
DLC 7.5mm x 7.5mm x 2um 467 W/mK
Al Heat Spreader 7.5mm x 7.5mm x 1mm Al 180 W/mK
TIM3 7.5mm x 7.5mm x 50um 13 W/mK
Heat Sink 3cm x 3cm x 1cm Al 180 W/mK

* Temperature dependent thermal conductivity edus

** The micro bump layer is assumed to be a singlmbgeneous layer with an
effective isotropic thermal conductivity to reflebie combined effect of the Cu

bumps and Sn filler. The preliminary thermal cortduiky of this layer is
estimated at 5SW/mK.

***  The x-y dimensions of the mini-contact tip vaiom 100pum x 100um to 1800um

x 1800um; the z-dimension remains constant.

*kkk

X 700um; the z-dimension remains constant.

***+** The thermal conductivity of the BiTes is assumed to be lower than the bulk value

The x-y dimensions of the mini-contact tip wafrom 200pum x 200um to 700um

of ~1.5W/mK because the Hie; is epitaxially grown in layers.

The FE model was built in ANSYS™ finite elementte@ifre according to the
dimensions and materials specified in the mini-aohpackage design provided by the
Taiwanese lab [39,40]. The width and length ofrthei-contact base were assumed to be
the same as the bottom of the TEC ceramic subg8aten x 3mm and 740pum x 740um

for the Taiwanese TEC and commercial TFTEC conégans, respectively) and the in-
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plane dimensions of the mini-contact tip varied wahgre from 100pm x 100pm to
1800um x 1800um, depending on the TEC that wasgbesed. The total height (or
thickness) of the mini-contact was assumed to beudb for the Taiwanese TEC
package. This dimension was changed to 1mm focdhemercial package as a result of
assembly constraintsDifficulties in securing the tiny copper mini-contawhile
machining led to the larger 1mm thickness.

For the Taiwanese TEC package, the lateral gapdesivthe heat spreader/TEC
and the heat spreader/Si chip is assumed to beni@dd the thicknesses (z-direction) of
the TIM1 and the TIM2 are assumed to be 175um &g, respectively. It should be
noted that the height of the doped Bs; “legs” in the Taiwanese TEC's, at 250 and
500mm, is relatively large for the localized, high fluxalong required to remove on-chip
hot spots [25fnd may have limited success in reducing the hot tgmperature in the
Taiwanese defined chip package.

Images of the commercial TFTEC are shown in fighie including a photograph
(a) [41], perspective view (b) and side view (c2][4The small size of this device will
minimize the detrimental effects, on the thermalisance from the top of the Si chip,
caused by the presence of the mini-contact andagir Additionally, figures 3.5 and 3.6
show SEM images that were taken at the Taiwandseflthe commercial TFTEC [43].
In figure 3.5 the AIN substrates are not showndbabetter view of the Cu and,Be;
layers. Figure 3.6 shows the dimensions of therinomponents of the TFTEC and some

voids that occur in the solder layer.
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Figure 3.4: Photograph of the commercial TFTEC (a]J41], perspective (b) and side
views of the TFTEC with dimensions (c) [42]
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Figure 3.6: Zoom SEM images of the Cu trace, soldeand BiTes layers in the
TFTEC with dimensions [43]

56



3.2.2.2 Boundary Conditions

A convective heat transfer coefficient of 730W/mldsaimposed on the top of the
heat sink to simulate the capability of an aggresdieat sink working in forced air
convection [27] to an ambient temperature of 25T@e heat sink was modeled as a
block without fins to reduce the total element neménd avoid lengthy solution times.

A 1mm x 1mm hot spot producing 3W was modeled enbttom of the Si chip
as a 300W/cmheat flux. A background heat flux of 40W/emwas imposed on the

remaining bottom area of the Si chip to providetaltchip heat generation of 13W.

3.2.2.2.1 Contact resistance

In order to faithfully model the thermal behaviirthe mini-contact package, a
thermal contact resistance was assumed at seveesfaces within the FE model, as
shown in figure 3.7. The interface between the I8p @and the mini-contact tip, the
interface between the mini-contact base and the B&m ceramic, and the interface
between the TEC top ceramic and TIM2 were all agslto have a thermal contact
resistance of 3.3x10n’K/W. This thermal contact resistance is also assufoe the
interface between the Si chip and heat spreadangahe edge of the chip. The nominal
contact resistance value of 3.3X¥hK/W was selected to represent the lower range of
values for clean surfaces attached with an ordamncling material [25].

In addition to thermal contact resistance, an gtsdtcontact resistance of 1x10

-cnt is assumed at both TE element/ceramic interfa28% [This electrical contact

resistance produces a very modest heating effecpd@pional to the square of the
current) that nonetheless somewhat reduces théePeltoling that occurs at these

interfaces.
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Figure 3.7: Thermal contact resistance modeled irhe Taiwanese chip package

3.2.2.3 Material Properties

The Taiwanese designed TEC has lateral dimensibB8sam x 3mm. Assuming
this TEC is assembled of cubes with side length@5tfum and 500um, respectively,
with a 250um separation gap in each direction &t dm gap along the edge, the TEC
can accommodate a 6x6 array of the 250um TE ledsaadx4 array of the 500um TE
legs. The 6x6 array offers a Bie; coverage area of 25% and the 4x4 array offers a
coverage area of 44.4%, yielding a weighted-averafjective thermal conductivity of
0.35W/mK and 0.65W/mK for the TECs assembled whibse two TE leg dimensions.
The figure below depicts a quarter-symmetry modehe Taiwanese TEC for the two

different TE heights.

6 x 6 Array

. . M = TE Element

4 x 4 Array

H N
< =1.5mm
v » X v » X
O« > O« >
250um x 250um x 250um TE Elements 500um x 500um x 500um TE Elements

Figure 3.8: Quarter-symmetry model of TEC
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To more accurately capture the thermal behavigh@fismuth telluride (Bies)
in the TEC, the temperature dependence of the grepef this material is included in
the model. For the operating conditions of the Bamese package, and as seen in
preliminary simulations, the temperature of theTBi can be expected to range from
90°C to 130°C. Following [25], figure 3.9 displalyse temperature variation of thermal
conductivity, electric resistivity, and the Seebeokfficient for ByTes.

For simplicity, the material properties of the, Bt in the commercial TFTEC
package were assumed to be constant with temperdthe following values were used:
a Seebeck coefficient of 210uV/K, a thermal conitgt of 1W/mK, and an electric
resistivity of 53.3 -um. These values produce TFTEC cooling valuesiynéntical to
those given by [42].

For both package configurations, the silicon cmg ailicon substrate are known
to have a temperature dependent thermal conduyctintthe anticipated silicon chip
temperature range, of approximately 75°C to 14RRSYS™ uses a linear fit between
the four data points, shown in figure 3.10 to assihe corresponding thermal

conductivity value to the silicon.
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Figure 3.10: Temperature dependent thermal conductity for silicon

3.2.2.4 Element and Mesh Description

The ANSYS thermal solid element - Solid70 - wagdigo build a quarter-
symmetry model of the Taiwanese package and toomerfthe required thermal
simulation. This element was used to solve forstieady state heat diffusion field within
the FE model with one degree of freedom at eacle (ibedmperature). The element count
for the quarter-symmetry FE model was approximat®,000-180,000 and 12 help
volumes were generated within the Si chip, minitaoty ceramic substrates and TE
elements to produce a finer mesh in those regibhs.BipTe; layer is map-meshed for
greater accuracy. The mesh distributions are showthe Taiwanese TEC and TFTEC
packages in figures 3.11a and 3.12a, respectikdgh sensitivity is also given for the
two different packages (figures 3.11b and 3.12l) the temperature solution is observed
to have little variance with greatly increased edaincount. The absolute temperatures at

the BipTes/ceramic substrate interfaces were required toesfaw the Peltier cooling and
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heating fluxes at the TEC. Since these temperatueze unknown, they were guessed
and verified in the solution. The guessed tempegatuas always within 0.5K of the
solved temperature at the TEC interfaces. This gg®dook anywhere from 2 to 5

iterations to determine the correct TEC interfarageratures per each current load.

Honcommercial Use Only

ITRI 250 TEC Chip

b-) Taiwanese TEC Mesh Sensitivity

123.9

123.8 -

123.7 -

1236 -
0.22°C Temperature

1235 Variance

Temperature Solution (C)

123.4 ‘ ‘ ‘ ‘ ‘ ‘
0 100000 200000 300000 400000 500000 600000 700000

Elements

Figure 3.11: Image of the ANSYS™ mesh distributiorfa) and mesh sensitivity (b)
for the TaiwaneseTEC Package

62



TFTEC Mesh Sensitivity

78.05

78 -

77.95 -

Temperature Solution (C)

77.9 -

77.85

0 200000 400000 600000 800000 1000000 1200000

Elements

Figure 3.12: Image of the ANSYS™ mesh distributiorfa) and mesh sensitivity (b)
for the TFTEC Package

3.3 Results
3.3.1 Temperature Field
A temperature contour plot for the 500pum TEC witbO@m x 300pum mini-

contact operating at a current of 2.05A is showfigare 3.13, in a vertical cross-section
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of the Taiwanese TEC chip package. Also, a tempexatontour plot for the commercial
TFTEC with optimized 400pum x 400pum mini-contact kgieg at a current of 3.29A is
shown in figure 3.14.

For comparison, the temperature profile alongltbtom of the Si chip for both
TEC package configurations is shown in figures 3ab6l 3.16, each operating at its
optimum mini-contact size and current and at a zeroent. When the Taiwanese TECs
are producing their maximum cooling, the activefate of the chip features a
characteristic “M” temperature profile, where threaest temperature reduction occurs at
the center of the hot spot with increased tempezatat the edges of the hot spot. Both of
these figures also display the temperature prtfige could be expected to develop in a
similar package without an integrated mini-cont&EIC, in which the chip is attached
directly to the heat spreader. The TFTEC packaggufes a 50um TIM interface
(thermal conductivity of 13W/mK) between the TFTBQd heat spreader.

When powered and operating at optimum current,Tdiezanese TECappear to
yield a hot spot temperature reduction of approxayal8°C and the TFTEC vyields a hot
spot temperature reduction of approximately 3.68[ative to the unpowered condition.
However, for both configurations studied, when THeC is inactive, it appears that the
low thermal conductance of the TEC and the air gapounding the mini-contact leads
to warmer temperatures along the bottom of the thgm would be encountered in a
conduction-cooled package.

The commercial TFTEC device pumps 0.61W at a daggerature of 85°C and
has an active footprint of 740um x 740um (lower AdNbstrate), which equates to a

cooling flux of about 112W/cf{42]. Since this device only removes 0.61W andtbe
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spot used in the Taiwanese package is 3W with ditiadal 13W of background heat on
the bottom of the chip, the commercial TFTEC dewlmesn't produce a significant

temperature reduction.

T ANSYS

= Noncommercial Use Only

ITRI 500 TE

Figure 3.13: FEM temperature distribution for an Si chip with a 1mm x 1mm hot
spot producing a 300W/cm heat flux and background heat flux of 40W/crfi. The
500 m Taiwanese TEC is used with the 300m x 300 m mini-contact
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Figure 3.14: FEM temperature distribution for an Si chip with a 1mm x 1mm hot
spot producing a 300W/cm heat flux and background heat flux of 40W/crfi. The
TFTEC is used with the 400 m x 400 m mini-contact
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Figure 3.15: Temperature profile along the bottom bthe silicon chip, each
respective TEC is operating at its optimum currentand the optimum mini-contact
size of 300um x 300um is used with the TECs
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Figure 3.16: Temperature profile along the bottom bthe silicon chip. Commercial
TFTEC is operating at its optimum current of 3.29Aand the optimum mini-contact
size of 400pum x 400um is used
3.3.2 Influence of Electric Current

The hot spot temperature reduction depends on lierie current flowing
through the TEC, for the various mini-contact sizesl the two TEC leg lengths
considered. The mini-contact sizes simulated var@u 100x100pmto 1800x1800um
for the Taiwanese TEC packages and from 200x260gim700x700urh for the
commercial TFTEC package. Figures 3.17 to 3.19 shotspot temperature reductions
per input current for the three types of TECs &ddinitially, as the current increases the
cooling at the hot spot increases, as well, rafiggbrogressively greater Peltier cooling,
until the temperature reaches a minimum value. fadher increases in current, the
parasitic effect of Joule heating in the TE legeroemes the Peltier cooling effect,

leading to a reduction in hot spot cooling. For tonditions examined the optimum

67



currents are seen to fall in the range of 0.7 anps for the Taiwanese TEC packages
and 3 to 3.5 amps for the commercial TFTEC pack@ibe.power consumed by the TEC
depends on input current, the electrical resistaridbe BpTes, the number of TE legs,
the temperatures at the hot and cold junctionshef TEC, the Seebeck coefficient at
those junctions, and the electrical contact restgaat those junctions. In the parametric
range studied, the Taiwanese TECs and commerciBECRypically consumed 3W and

0.5W, respectively.

250um Leg TEC Simulation
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Figure 3.17: Cooling as a function of input currentto the 250 m Taiwanese TEC for
various mini-contact sizes
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500um Leg TEC Simulation
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Figure 3.18: Cooling as a function of input currentto the 500 m Taiwanese TEC for
various mini-contact sizes
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Figure 3.19: Cooling as a function of input currentto the commercial TFTEC for
various mini-contact sizes
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3.3.3 Mini-Contact Size

The maximum temperature reduction for each resgeetini-contact size and
optimum current value is plotted below for the 2680@and the 500pm TE leg height
TECs in figure 3.20 and for the TFTEC in figure B.Zhe 300pum x 300pum mini-contact
dimensions appear to yield the largest coolingcgffeith 18.6K and 17.7K temperature
reductions for the 250um and 500um TECSs, respdgti@milarly, the 400pum x 400um
mini-contact dimensions yield the largest coolirfte@ for the TFTEC, with 3.6K of

cooling.

Optimum Taiwenese TEC Mini-Contact Size

0 T T T
D 0 500 1000 1500 2000
-4 —4—500um Legs

---A--- 250pm Legs

Max. Hot Spot Cooling (K)
B R e
(o)) AN N o

KN
(00}
|

-20
Mini Contact Size ( m)

Figure 3.20: Maximum achievable hot spot cooling aa function of mini-contact size
for the Taiwanese TECs
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Figure 3.21: Maximum achievable hot spot cooling aa function of mini-contact size
for the TFTEC
3.3.4 Optimized TEC

As shown by the temperature profile in figure 3.1& the Taiwanese TEC
configurations studied, the presence of the TECramitcontact within the chip package
does not offer a reduction in hot spot temperatedative to a more conventional,
conduction-only cooling approach. For the TEC getnynend dimensions selected by the
Taiwanese lab to cool the specified chip, the @altil thermal resistance resulting from
the presence of the TEC increases the chip temperahore than the temperature
reduction achieved by the operation of the TEC aeveven after thermal optimization.
Several factors could be responsible for the |laegeperature increase that results from
the presence of the TEC/mini-contact, including timrermal resistance of the TEC and

the large air gap above the hottest portion of ¢hg. This relatively large “TEC
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coverage area’ of approximately 28% of the chimdeads to poor heat dissipation and
higher temperatures at the center of the chiprdieroto better understand and hopefully
minimize these negative effects, a hypothetical T&gecifically designed for this
particular chip and hot spot has been explored.

The TE legs and gaps between the elements haveredeced to help decrease
the dimensions of the TEC and the overall TEC/momtact covered area on top of the
chip. A 6x6 array of 150um x 150um x 40um TE leghvisOum gaps was used in order
to increase the Bl'e; coverage for the TEC to 56.25%. Also, due to thalker TE legs,
the ceramic substrates can be reduced to 1200ur20Quin x 380um (the 380um
thickness remains the same), which results in a-oontact/ TEC coverage area of only
4.43% above the top of the chip. The optimized rontact dimensions and TEC leg
length were found to be 400pum x 400um and 40unpeas/ely. This configuration
results in a maximum hot spot cooling value of k3.3

The resulting temperature profile for this propo3&C is shown below in figure
3.22. While it is clear that due to the geometiarmges, operation of the TEC can
provide substantial cooling, the re-designed mamtact TEC still fails to provide better
cooling than having no TEC/mini-contact present.

This is due, in part, to the geometry and low podissipation of the chip. The
hot spot dissipation is nearly 20% of the chip hggxteration and is relatively large in
relation to the rest of the chip (1Imm x 1mm comg@ace5.7mm x 5.7mm). Also, the chip
is relatively thick (150um) in relation to its émél dimensions, which results in much of
the hot spot heat flux diffusing through the resttlee chip, raising the overall chip

bottom temperature by 10K, and not causing a drdstnperature gradient at the hot
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spot. The mini-contact is perhaps best suited émlicg more aggressive hot spots —
smaller in area and higher in flux — than what Ibeesn attempted here.

Nevertheless, there is still a considerably laegeperature reduction that occurs
when implementing the mini-contact enhanced coneeat TEC for hot spot cooling.
This measurable improvement serves to validate Hasic mini-contact TEC
methodology and provides a basis for later re-agesigd optimization for thermal

packaging configurations more conducive to thigrtted management approach.
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Figure 3.22: Optimum 40um TEC leg length with optinum 400um x 400pum mini-
contact TE legs have lateral dimensions of 150um250um with 50pum gaps. 1.25A
produces a maximum cooling value of 13.3K

3.3.5 Impact of the TIM2 layer on hot spot temperatre
Additional ANSYS™ simulations were performed to ma@ccurately model the

hot spot and to further refine the Taiwanese TEQ phckage with no TEC/mini-contact
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present. A TIM2 layer was inserted between thel§p @and the heat spreader; in the
previous case only a thermal contact resistanc®.®f10'm?K/W was present at this
interface. A TIM2 layer at this interface relievibermal stresses caused by the hot spot
and high heat flux of the chip and is a more réalrepresentation of an actual packaging
configuration. The presence of a TIM2 layer betwt#enchip and the spreader increases
the thermal resistance of the heat flow path teaparallel to the TEC/mini-contact.
Therefore, there is less of a thermal "penalty"b® paid for the insertion of the
TEC/mini-contact. The resulting hot spot in the nesnfiguration is 12.2K hotter and
consequently, the simulations of the optimized T¥BGw a "real" improvement when the
TEC is activated, not just a cool-down.

Figure 3.23 shows the temperature profile of thevBnese 250um and 500um
leg TECs compared to the newly modeled chip packatgle no TEC/mini-contact
present. The new TIM2 layer above the chip in tloafiguration with no mini-
contact/TEC present is 175um thick and has a tHezorauctivity of 30W/mK. This is
the same thickness and thermal conductivity ag thH. layer between the heat spreader
and the heat sink. This type of TIM depicts a sologerface with thermal contact
resistance factored into the effective thermal catigity of 30W/mK. Both 250um and
500um leg TECs still do not create an advantagepeoeud to the case with no
TEC/mini-contact present; however, the situatios geeatly improved compared to the
previous case with a thermal contact resistana legmpared to a TIM2 layer. The TEC

must still be further optimized or perhaps utilizec different package configuration.
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Figure 3.23: Original Taiwanese TEC temperature prdiles with new hot spot
temperature profile

In figure 3.24, the optimized 40um leg TEC with 46®x 400pum mini-contact is
compared to the case with no TEC/mini-contact preset contains the new TIM2 layer
between the Si chip and heat spreader. The opthiiEC now produces about 9.3K of
cooling over the case with no mini-contact/TEC pregs This is a significant
improvement compared to the previous configuratieiin a thermal contact resistance

layer instead of a TIM2 layer between the chip hedt spreader.
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Figure 3.24: TEC with optimized leg length and minicontact with new hot spot
temperature profile
3.3.6 Decreased Lateral Heat Spreader Gap in TFTE®ackage

As shown by the temperature profile in figure 3.16r the Taiwanese
configurations studied, the presence of the TFTEG mini-contact within the chip
package does not offer a reduction in hot spot &atpre relative to a more
conventional, conduction-only cooling approach. tiddal ANSYS™ simulations were
also performed in an attempt to determine the ¢mmd$i under which the TFTEC would
produce a more favorable temperature profile orbtiteom of the Si chip.

The lateral gap between the mini-contact and Cat Bpreader was decreased
from its original value of 500pum to 100um. A greateachining tolerance is needed to

accommodate for a smaller heat spreader gap. Tiasige decreased the thermal
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resistance caused by the air gap above the Siactdmreatly improved the temperature
profile on the bottom of the chip, as shown in fg3.25. When the TFTEC is operating
at its optimum current, it produces a slight 1Koobling advantage over the package
configuration with no TFTEC/mini-contact presentrther optimization of the TEC, and
possibly the package geometry or hot spot chaiattey; is needed to identify the

configuration best suited to TFTEC cooling.
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Figure 3.25: Temperature Profile for TFTEC with a 100pum lateral heat spreader
gap. TFTEC is operating at its optimum current of 3A with an optimum mini-
contact size of 300pm x 300pum.

3.3.7 Additional Simulations for the Taiwanese 250m and 500 m TECs

Some additional ANSYS™ simulations were perforraethe Taiwanese national
lab to explore various package operating conditgunsh as no applied background heat
flux on the chip and a chip thickness reductiomt®0 m to 25 m. Figures 3.26 and

3.27 display the temperature profiles with no backgd heat flux on the bottom of the
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Si chip for the Taiwanese designed TEC and optihiZ&C packages, respectively.
When there is only a hot spot acting on the bottdrthe chip, there is somewhat of an
improvement in the temperature profiles but thevBaiese 250m and 500m TECs are
still unable to show an improvement when operasintheir optimum currents compared
to the case with no TEC/mini-contact present.

The optimized TEC, however, shows a significant nomement over the case
with no TEC/mini-contact present in figure 3.27.thdugh it only produces 7.2K of
cooling over the case with no mini-contact/ TEC présas compared to 9.3K in figure
3.24 where the chip has a background heat flux.drbp in cooling is due to the much
lower power dissipation and lower temperature ef¢hip (3W hot spot compared to the
16W with active hot spot and background flux).

Additionally, a 25um thick Si chip was simulatdthe mini-contact size for this
much thinner chip was optimized to 150um x 150umova in figure 3.28. Compared to
the packages with the 150um thick Si chip, thiea®wed drastic cooling of about 57K
at the center of the hot spot. Despite this, timeperature profile, given in figure 3.29,
still shows elevated temperatures on the bottortiv@aside) of the chip compared to the
case with no TEC/mini-contact present. However, tims 25um thick Si chip
configuration, the average temperature on the ofygn the Taiwanese TECs are
operating at optimum current is about 122.2°C, axipnately equal to the average chip
temperature when the TECs are turned off. Therhiss, no net cooling achieved by use

of the Taiwanese TEC in this configuration.
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Figure 3.26: Temperature Profiles for Taiwanese 25(m and 500um Leg TEC with
No Background Heat Flux on Chip. Each respective TE is operating at its
optimum current and the optimum mini-contact size ¢ 300um x 300um

70

No TEC with Hot Spot
65+ OPT TEC OFF
OPT TEC at 1.25A

Temperature (T)

30

0 1000 2000 3000 4000 5000
Distance Along the Bottom of the Chip (um)

Figure 3.27: Temperature Profiles for the OptimizedTEC with No Background
Heat Flux on Chip. Optimum 40um TEC leg length withoptimum 400um x 400pum
mini-contact
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Figure 3.29: Temperature profile along the bottom ba 25um Thick Si Chip for the
250 m and 500 m Taiwanese TECs operating at optimum current andhe optimum
mini-contact size of 150um x 150um
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3.3.8 Additional simulations for the TFTEC

Additional ANSYS simulations were also performed the commercial TFTEC
with various hot spot configurations. Figure 3.38pthys the temperature profile on the
bottom of the Si chip for the TFTEC, operating tgt optimum mini-contact size and
current, with a Imm x 1mm hotspot producing 1W (paned to the previously simulated
cases with a 3W hot spot). Since the hot spot fieatis now 100 W/crh and the
background heat flux is still 40W/énthe temperature rise from the hot spot is less
pronounced. Figure 3.31 shows a similar case hilit ma background heat flux on a chip
containing a 1W hot spot. Finally, in figure 3.82¢ hot spot size was reduced from 1mm
x Imm to 0.5mm x 0.5mm. The temperature profilesalb three of these cases do not
show an improvement from a package with an integralFTEC operating at its
optimum mini-contact size and current comparech donduction only case without a

TEC/mini-contact preset.
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Figure 3.30: Temperature Profile for TFTEC: Hot Spa has a heat flux of
100W/cnf. TFTEC is operating @ optimum current of 3.13A andwith 400x400punt
mini-contact. Hot spot heat flux has been reduceddm 300W/cnf to 100W/cnf
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Figure 3.31: Temperature Profile for TFTEC: No Background Heat Flux and Hot
Spot has a heat flux has been reduced from 300W/éro 100W/cnf. TFTEC is
operating @ optimum current of 2.82A with 400x400prfhmini-contact
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Figure 3.32: Temperature Profile for TFTEC: Hot Spa is reduced to 500pum x
500um. TFTEC is operating @ optimum current of 3.18 with 400x400unt mini-
contact. Hot spot flux remains 300W/crh
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3.4 Conclusion

This chapter summarizes the results obtained irulsiing the performance of
miniature mini-contact TEC’s used for the thermanagement of a Taiwanese-specified
on-chip “hot spot.” Two Taiwanese TEC designs —hwab0um and 500um TE leg
height, respectively - and a commercial TFTEC -hwaOmm TE leg height - were
considered. ANSYS™ simulations of optimized minntact configurations revealed
possible hot spot cooling of 19K and 18K for th® 2% and 500m TECSs, respectively,
and a hot spot temperature reduction of nearly dkttie TFTEC device. It would thus
appear that operation of mini-contact TEC’s canvigt® significant cooling of on-chip
hot spots for the Taiwanese designs studied.

However, for these configurations, the insertionaoly of the proposed mini-
contact TEC’s was found to raise the chip tempeeatdue to the additional thermal
resistance created by the cooling device. Consdlgue¢he mini-contact TEC's were
unable to lower the chip temperature below thaieamed in a package containing no
mini-contact TEC. Nevertheless, the large tempeeatiifferences predicted to occur
when operating the TEC devices facilitate experimlenalidation of the mini-contact
TEC methodology and provide a basis for later re&igieand optimization for thermal

packaging configurations more conducive to thisrtted management approach.
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Chapter 4

4. Effect of Thermal Contact Resistance on OptimunMini-Contact
TEC Cooling of On-Chip Hot Spots

4.1 Introduction

Non-uniform microprocessor power dissipation casultein localized high heat
flux “hot spots” that may reduce chip performance addition to degrading chip
reliability [e.g. 44-46]. Among the several techueg proposed for mitigating the
negative effects of “hot spots” [47-52], miniatad thermoelectric coolers, omlECs,
appear to offer a most promising alternative [2B,Zecently, a thin film TEC was
shown to provide a 15K temperature reduction of .B6@nf hot spot, producing
1250W/cnf [10].

Although thermoelectric devices require input powed generate Joule heating,
miniaturized TECs can be used to cool localizecht€ spots and create more uniform
chip temperatures without the penalty of signifitanncreasing the average chip
temperature. Other TEC advantages include theid state design, no moving parts,
high reliability, and compact structure.

In the present study, a package-level finite el@meodel is created to investigate
on-chip hot spot temperature reduction using a ahimized conventional Bie; TEC
[53], enhanced with a copper mini-contact pads blbserved that to achieve the greatest
temperature reduction at the hot spot, the mintairsize and thermoelectric leg height
must be optimized. Attention is focused on the affeof parasitic thermal contact

resistance, that occurs at the Si chip, mini-cdantatd TEC interfaces.
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4.2 Simulation Study of Mini-Contact Enhanced TEC ér Hot Spot Cooling
4.2.1 Description of Numerical Model

Commercially available finite element software, AK&™, was used to construct
the three dimensional (3D) numerical thermal madehe TEC/mini-contact cooled IC
package, described below in figure 4.1. Thermabselement - Solid70 - was used and
the total element count ranged from 100,000 to (@M elements for the quarter-model
package. Extra attention was focused on the mestinvthe silicon chip near the hot spot
and at the individual thermoelectric (TE) legs witithe TEC due to the larger
temperature gradients that occur at these locatidi® mesh sensitivity for this
numerical model, given in figure 4.1c, shows tih&t temperature solution varies by only
0.1°C as the number of elements is tripled.

The model consists of an 11mm x 13mm silicon chipil layer, TEC/mini-
contact/spacer layer, TIM2 layer, copper heat sfgeallM3 layer, and heat sink, in
ascending order. For comparison, chip packages ath without an integrated mini-
contact/TEC are shown in figures 4.1b and 4.1gews/ely. The Si chip includes a
central 400pm x 400pm hot spot, producing a heat éf 1250W/cri, and the heat
generated by the active circuitry on the chip isdeled as a background heat flux of
40W/cnt on the periphery of the chip. The 150um thick @pmini-contact is attached
to the top of the Si chip and the TEC is attaclethé top of the mini-contact. The TEC
in this study is consistent with commercially aable TECs and is comprised of top and
bottom 250um thick ceramic substrates, two soldppger metallization layers, and a
central 6x6 array of Bies; legs,each 2@m high. A thin copper spacer surrounds the

TEC/mini-contact and thermal grease interfacesumed at TIM's 1, 2, and 3. The
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geometric dimensions and material properties ugsetthis study are displayed in table
4.1.

The heat sink was modeled as a block without finsitnplify model geometry,
reduce total element count, and avoid lengthy smiutimes. An effective heat transfer
coefficient of 730W/rfK was applied to the top of the heat sink and thebiant
temperature was assumed to be 25°C [28,29]. Tlhaswely large value for & was used
to compensate for the reduced area of the heat igintke FE model. Additionally,
thermal contact resistance was modeled at the iincimi-contact, mini-contact/TEC,
and TEC/TIM2 interfaces. As in previous studies noiniaturized TEC's, the three
thermal contact resistance values chosen for thidysvere 1x17, 1x10°, and 5x10
m?K/W, representing a very clean (low thermal resis& interface, a slightly degraded
(increased thermal resistance) interface, and aemtely poor (higher thermal

resistance) interface, respectively.
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Figure 4.1: Schematic of a typical package (a), sematic of package with a mini-
contact enhanced TEC (b) (not drawn to scale), anANSYS™ model mesh

sensitivity (c)
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Table 4.1: Package dimensions and material propeds

Geometry (I x w x h) Material k (W/mK)
Heat Sink 50mm x 50mm x 5mm Al 180
TIM3 31mm x 31mm x 175pm 1.75%**
HIS 31mm x 31mm x 1.5mm Cu 360
TIM2 11mm x 13mm x 50um 1.75%+*
Spacer 11mm x 13mm* Cu 360
1.79mm x 1.56mm x
Top Ceramic 250pm AIN 180
Upper Solder/
Metallization
Layer z = 40um** Cu/solder 290
TE Legs (6x6
Array) 115um x 90pm* Bi;Tes 1
Lower Solder/
Metallization
Layer z = 100pm** Cu/solder 290
Bottom 0.99mm x 1.56mm x
Ceramic 250pm AIN 180
Mini-Contact 0.99mm x 1.56mm X
Base 50um Cu 360
Mini-Contact
Tip z = 100pm* Cu 360
TIM1 11mm x 13mm x 50um 1.75%**
Chip 11mm x 13mm* Si kk
Hot Spot 400pm x 400um

* = The z dimension varies
** = The lateral dimensions are equal to the TEsldgnensions
*** = Thermal conductivity for a thermal grease nsistent with value used in [10]
****% = Temperature dependent thermal conductivity
4.2.2 Modeling the TEC

The BibTes TEC was modeled separately from the rest of thp phackage to
characterize its thermal performance. The goalhed model was to facilitate use of
numerical regression to determine plausible TECenwdt property values, capable of
yielding a target thermal performancel( 50K @ | 1A) achievable by existing TEC's.
Once the material properties were determined, tene integrated into the TEC within
the FE chip package model so that TEC/mini-contact spot cooling could be
investigated. The modeled TEC featured a 6x6 af&0um high TE legs with the same

lateral dimensions as described in table 4.1. Artquanodel of the TEC is shown in

figure 4.2.
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Figure 4.2: Quarter model image of the TEC used ithe numerical simulations
operating at 1.1A

The Seebeck coefficient of theBe; was assumed to be 287uV/K, which is
consistent with reported values for the same nateti comparable temperatures and
thicknesses [54]. The resistivity of the,Be; was assumed to be 8§1m and the total
electrical resistance of the device was 2.3he thermal conductivity of the Hie; was
assumed to be 1W/mK. Also, an electrical contasistance of 3.3xI0 -cn’ was
assumed at the interfaces of each TE leg to repréise lower range of values for clean
surfaces attached with an organic bonding matg@#jl The bottom ceramic of the TEC,
which is larger than the top (to accommodate tlaegrhent of copper traces that provide
power to the device) was held at a stage temperafu85°C. A heat flux of 110W/cm
was imposed on the top ceramic and the device weaed through a range of applied
current values. The heat flux boundary conditisigwn in equations (4.1) and (4.2),

were applied to the hot and cold side, respectj\algach TE leg:

O"1E, hot= (SThl + IRe)/Ate (4.1)
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O"7E, cold= (-STel + I°Re)/Ate 4.2)

where S is the Seebeck coefficient,ahd T; are the absolute temperatures at the hot and
cold TE leg interfaces, | is currents B the electrical contact resistance ang & the
lateral area of the TE leg. Equation 4.1 relatethéoPeltier heating that occurs at the hot
side of the TEC and equation 4.2 relates to thiedPelooling that occurs at the cold side
of the TEC. The volumetric Joule heating associatgl the electrical resistance of the
TE legs, and proportional to the square of the tirquurent, was modeled as a thermal
body force on each TE leg. The average coolindhattbp ceramic of the TEC, as a
function of current input, is shown below in figute8, where the parabolic dependence
of cooling on current — reflecting the competitibatween Peltier cooling and parasitic
Joule heating — is in clear evidence. The TEC aehieb1K of cooling at 1.1 Amps and
transferred 1.7W of heat from the cold side tohbeside. It is important to note that the
orientation of the TEC used in the package simaratiis flipped upside down such that

the cold side is facing downward.
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Figure 4.3: Temperature reduction at the cold sidef the TEC as a function of input
current (only the TEC is modeled)

90



4.3 Simulation Results and Discussions
4.3.1 Mini-Contact TEC Temperature Profiles

The temperature profiles on the bottom (activefamar of a chip cooled by a
mini-contact assisted miniature TEC are showngnris 4.4 and 4.5 for the 100um and
500um thick Si chips, respectively. The optimum irciontact size is used, in each
figure, for three values of thermal contact resiséaat the mini-contact-TEC interfaces.

For the 100um chip in figure 4.4, it is observedttwhen the TEC/mini-contact is
present within the chip package, but turned oféreéhis a passive hot spot cooling effect
that occurs, compared to the case with no TEC/gonkact present within the spacer
layer. This effect only occurs at thermal contagistance values of 1x1Gand 1x1¢
m’K/W and is due to the low thermal conductivity bétthermal grease between the Si
chip and Cu spacer, which is replaced by the poesen the higher conductivity mini-
contact and TEC. When the thermal contact resistaecomes 5x10m?K/W, then the
presence of the mini-contact/TEC operating at Ogults in a 3.7K increase at the hot
spot compared to the temperature when only a cogpacer is present. The hot spot
temperature reductions achieved (at the optimumentiand mini-contact size for each
thermal contact resistance value), compared tetie when the TEC is turned off, are
13.5K, 12.3K, and 9.3K at 1xT0 1x10° and 5x10 m?K/W, respectively. Hot spot
cooling capacity intuitively decreases with inciegshermal contact resistance.

The temperature profile for the 500um chip in fgur.5 shows the effects of
increased chip thickness. Most notably, hot spalicg has greatly decreased and the
TEC/mini-contact does not have a passive coolingaathge at any of the thermal

contact resistance values. Even at low thermalaobrresistance values, there is only
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modest hot spot cooling, approximately 1K, thatusscrelative to the case with no
TEC/mini-contact present. Additionally, it was obgsl that the low input power to the
TEC does not result in noticeably elevated tempeegatat the periphery of the chip, for

either chip thickness.
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Figure 4.4: Temperature distribution on the bottom(active) surface of the chip at
various thermal contact resistances; zoomed in onolh spot region. Mini-contact size
is optimized (refer to figure 14), TE leg length 20um
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Figure 4.5: Temperature distribution on the bottom(active) surface of the chip at

various thermal contact resistances; zoomed in onol spot region. Mini-contact size
is optimized (refer to figure 15), TE leg height 20um

Figures 4.6a and 4.6b show a sample solution ®ictmplete temperature field
of a thermally-optimized mini-contact assistedEC chip package operating at its
optimum current of 0.38A and with an imposed thdreantact resistance of 1x10

"m?K/W at the mini-contact/ TEC and mini-contact/Si ieerfaces.
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Figure 4.6: The chip package (a) and zoomed in onim-contact/TEC (b) for the
optimized TE leg height and mini-contact size at R = 1x10’ m?K/W. (TEC current
= 0.38A, TE leg height = 50um, mini-contact = 3000®un?, Si chip thickness =

100um

94



4.3.2 Effect of Input Power on TEC

Figure 4.7 shows the predicted hot spot temperaaghections with varying input
current to the TEC for the package shown in figudd and described in table 4.1, with a
silicon die thickness of 108ém. The TE leg height is assumed to be 20um and the
thermal contact resistance is assumed to be “LxitK/W, a nearly-ideal interface.
Various mini-contact tip sizes are examined.

An initial cool down at the hot spot is observedttls related linearly to current
and the Seebeck coefficient of the, Bk, With increasing current, the parasitic Joule
heating, associated with the electrical resistaridbe BpTes, begins to dominate due to
the quadratic dependence on current. These two etimgpeffects result in an optimum
current for hot spot cooling of approximately 0.6 iA the configuration considered
herein, which appears to be invariant with the rmomtact size. It is obvious, however,
that the actual hot spot temperature reduction daeg with the mini-contact size and
reaches a remarkable 13.5K for the 1.2kW/ddmmx0.4mm hot spot for an advanced

NMTEC, with 20um thick TE legs, as examined in thigly.
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Figure 4.7: Effect of TEC input current on hot spottemperatures for different mini-
contact tip sizes. TE leg height = 20pum, R= 1x10’m*K/W
4.3.3 Effect of Thermal Contact Resistance

The thermal contact resistance at the variousgggeknterfaces plays a key role
in determining the optimum package dimensions d$ agethe thermal performance of
the mini-contact enhanced TEC cooling approachis llargely determined by the
roughness and cleanliness of the surfaces, therialapreparation, and the overall
robustness of the thermal package assembly. Prestudies have shown if thermal
contact resistance values reach IXhK/W, the mini-contact TEC begins to lose its
viability as a hot spot cooling solution [28]. Thtare, thermal contact resistance is one
of the driving factors in the design, assembly, amghlementation of this thermal

management approach.
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4.3.3.1 Combined with Effect of Mini-Contact Size

As noted in figure 4.7, the effectiveness of hobtspooling varies with the
dimensions of the mini-contact tip that is bondeckaly to the backside of the chip,
above the hot spot. The mini-contact concentrdtescooling power of the TEC and if
the mini-contact tip size is too large, the TECIsanore of the surrounding silicon and
not enough of the hot spot. Alternatively, if the size is too small, the TEC does not
remove enough heat from the hot spot. Therefoeretexists an optimum mini-contact
tip size, or “effective cooler” size above the Hpot. This effect is also observed in
section 2.4.2.3 of chapter Zhe strong dependence of hot spot cool-down onrtime-
contact size is also clearly visible in figure 4were to the locus associated with the
figure 4.7 results, for a nearly ideal interfaces added loci for two higher resistances at
the TEC/mini-contact interface, while maintainirge tother interfaces at fixed values of
1x107, 1x10° and 5x10 m?K/W, respectively. For the TEC-mini-contact interfaces
spanning values from 1xT¥n’K/W to 1x10° m?K/W, the hot spot temperature reduction
is seen to vary parabolically with the contact saehieving the minimum temperature at
between 400m and 70@m side length. Beyond the expected deteriorationthe
maximum hot spot cooling with increasing interfaasistance, the poorer thermal
interfaces result in larger, optimal mini-contact$ius, for the progressively higher
interface resistances, the optimum hot spot cowalrdoof 13.5K, 12.3K, and 9.3K were
observed for mini-contact sizes of 400x#@@, 500x500rm? and 700x700m?,
respectively, for a 1G@n thick silicon chip. It is important to note thaach of the

optimum mini-contact cooling values may occur dfiedent optimum current values.
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Figure 4.8: Hot spot temperature reduction associ&d with optimum mini-contact
sizes at different thermal contact resistances. TEg height = 20um
4.3.3.2 Combined with Effect of Silicon Chip Thickmeess

The hot spot temperature reduction associated \h#hn TEC-mini-contact
approach is limited by the heat spreading that ecmside the Si chip. In thicker chips,
the cooling effect of the mini-contact extends rallg and is less effective in attracting
heat from the on-chip hot spot. Consequently, anini chip allows the@TEC to remove
more of the hot spot heat and produce greater it ®oling. Figure 4.9 shows the
optimum mini-contact sizes at various thermal contasistances for a 500um Si chip. It
is easily observed that these hot spot cooling emlof approximately 2-3K are
significantly lower than those observed in figur8 for the 100um chip and occur at far
larger optimum mini-contact sizes, reaching 1@@0or 1mm - for the 5 x IOm2K/W.
These results show the dependence of hot spot tatape reduction on Si chip thickness

in addition to thermal contact resistance, and +oamitact size.
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Figure 4.9: Hot spot temperature reduction associ&d with optimum mini-contact
sizes at different thermal contact resistances. TEg height = 20um

4.3.3.3 Combined with Effect of Thermoelectric Leddeight

Thermoelectric cooling is limited by the heat coatibn through the TE legs
from the hot side to the cold side. This effectatefs on the thermal conductivity of the
TE legs and their height. The heat rejected athitteside of short TE legs will more
easily conduct back to the cold side and reducecoeting. However, the higher
electrical resistance of taller TE legs will produadditional Joule heating. There is, thus,
an optimum TE leg height.

To gain insight into the dependence of hot spoting purely on variations in TE
leg height, a sample configuration was chosenfdwttired a 400x400fmini-contact
tip with both low and modestly high thermal contasgistance values of 1x1@nd 5x10
® m’K/W. Figure 4.10 shows a clear optimum TE leg heift40pm for the nearly ideal
thermal interface but far weaker hot spot cooliegsitivity to leg height with a higher

thermal contact resistance. With the higher, 5xa8K/W, thermal contact resistance,
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hot spot temperature reduction varied by only Odsér a range of 20um-90um TE leg

heights.

TE Leg Height (um)
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o
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Figure 4.10: Hot spot temperature reduction assoctad with variations in TE leg

height. A 400x400um mini-contact is used and two different thermal cotact
resistances are explored

A dual ANSYS optimization was performed for TE legights and mini-contact
sizes at each of the thermal contact resistanaeesah this study, with the 100um thick
Si chip. Table 4.2 shows the sensitivity of hottspaoling relative to variations in mini-
contact size and TE leg height; the optimum coolaxhieved for both of these
parameters is highlighted in red. At very low vaus thermal contact resistance and
optimized package dimensions, the hot spot temyeratan be reduced by as much as
16K, relative to the case when the TEC is presenttirned off. Hot spot cool-down
values relative to the package configuration withTEEC or mini-contact present, were
11K for 1x10” m*K/W, 10K for 1x10° m*K/W, and only 0.1K for 5x18 m?K/W. It may

also be noted that the multi-dimensional optim@atsoftens the impact of the primary

variables, such as mini-contact tip size and leighieon hot spot cooling but that —
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under all circumstances - increasing interfacestasce leads to a loss in cooling
effectiveness and a shift to larger optimum minieat tip dimensions.

The optimum TE leg height did not vary signifidgn(40pm-50um) over the
range of thermal contact resistances studied amdnthi-contact size seemed to increase
with increasing thermal contact resistance (fron®@D0unt to 600x600urf). Even
with modest thermal contact resistance of 5atK/W, 11.6K of hot spot cooling can
occur with optimized dimensions. These observedspot temperature reductions can be
expected to decrease with increased chip thickness.

Table 4.2: Hot spot temperature reduction for optimzed TE leg height and mini-

contact sizes at each thermal contact resistanceijtivsurrounding sensitivity. Si chip
thickness = 100um

R = 1x10'm?K/wW Mini-Contact Size (um ?)

TE Leg Height (um) | 200x200 | 300x300 | 400x400
40 -14.43 -15.15 -15.3
50 -15.5 -15.97 -15.2
60 -15.4 -15.5 -15.02

Ri = 1x10 °m?K/wW Mini-Contact Size (um ?)

TE Leg Height (um) 300x300 | 400x400 | 500x500
30 -12.84 -13.4 -13.42
40 -14.15 -14.56 -14.22
50 -14.45 -14.45 -14.25

Ri = 5x10°m’K/W Mini-Contact Size (um ?)

TE Leg Height (um) 500x500 | 600x600 | 700x700
30 -10.97 -11.22 -11.05
40 -11.47 -11.62 -11.49
50 -11.07 -11.15 -11.4

4.4 Conclusion

A package-level numerical model was built to inigege hot spot temperature
reduction associated with the application of a emivwnal BpTe; based TEC with an
integrated mini-contact pad that focuses, and as@e, the cooling flux of the TEC.

Attention is placed on the effects of thermal cont&sistance at the interfaces of the
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TEC and mini-contact on optimum package dimensidAgrametric variations in
microprocessor hot spot cooling occurred at differmini-contact tip sizes, TE leg
heights, and Si chip thicknesses. For an optimcreg package with nearly ideal thermal
interfaces, hot spot cooling by as much as 16K b&agchieved relative to when the TEC
is present but turned off and as much as 11K weldab the package configuration with

no TEC or mini-contact present.
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Chapter 5

5. Experimental Testing of Mini-Contact Enhanced TEC
5.1 Introduction

A proof-of-concept experiment, designed to dematstrthe spot cooling
capability of the mini-contact/TEC, was performéuthis experiment, thin film heaters
are used to create uniform heating on the test ahgb attention was focused on the
ability of the mini-contactiTEC to locally cool the substrate. The observedpnature
reductions serve to establish the feasibility obtspooling with the mini-contact
enhanced TEC and validate the model used to pradicspot remediation in operating
chips. Experimental results for miniature TEC's,thwil30um TE leg heights, are
presented with a matching fit to a numerical FE elo@ihese results also serve as a point

of reference for the numerical FE model used iwvipres chapters.

5.2 Experimental Setup

Conceptually, the experimental chip package wassdme as the simulated
package in Chapter 4, although with different disiens and without a hot spot. Figure
5.1 shows the experimental package with uniforntihgeon the silicon substrate. To
simulate the power dissipation of the chip, fountflm heaters were attached to the Si
die. The TECs used in this experiment, shown irurkg5.2, were provided by
Thermion™ [55] and feature a 6x6 array of 370um78Bn x 130um Bile; legs. The
top and bottom AIN TEC ceramic substrates eachaht#tdckness of 635um and lateral
dimensions of 3.6mm x 3.6mm and 4.8mm x 4.8mm, aedely. The ceramic
substrates were also pre-plated with indium tiprimmote solder adhesion. The thermal

conductivity of the bismuth telluride was 1.3-1.4WK, the Seebeck coefficient was in
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the range of 200uV/K, and the electrical resisfiwitas in the range of 10pum, with a
figure of merit Z of 3x10K™ [57]. A more detailed description of the experittaén
apparatus and procedure can be found in [9]. Tiper@xental apparatus and procedure

was initially designed and fabricated by Dr. Penandy

/ Solder
Thermal Interface Solder
—_—
Material (TIM) Cu Spacer
\ Thermal Grease Thermal Grease . )
_ Silicon Chip

Uniform Heating Uniform Heating
Thermocouple

Figure 5.1: Schematic of the experimental packageithi a mini-contact enhanced
TEC (not drawn to scale)

Figure 5.2: Thermion™ TEC’s with a 6x6 array of 13@um thick bismuth telluride
TE legs [57]
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5.2.1 Preparing the Si Die

The 500um thick silicon wafers, used in the expenmwere prepared by the Fab
Lab at Maryland NanoCenter. Since solder will ndhere directly to silicon, a 200nm
layer of Cr was deposited on the back of the whikbowed by a 200nm layer of Au to
facilitate the solder bond with the mini-contagd. tThe wafers were then hand cut into
25mm x 25mm dies. At 156.6°C, the indium solderdugeattach the mini-contact tip to
the Si die will react with gold and form an inteiadéc compound (Aulp) that acts as
the bond between these two components. The Cr layesed as an adhesion layer

between Au and Si because Au, also, does not adively to Si. A photograph of the

gold coated Si wafer and dies is shown in figufe 5.

e

&

Figure 5.3: Au coated Si wafer and dies used in thexperiment

5.2.2 Machining the Mini-Contact

2mm thick copper mini-contact are then machinebdedater attached to the back
of the Si die. The first step in machining the mgontacts is reducing them to tiny
copper blocks whose lateral dimensions match tlebske Thermion™ TEC (3.6mm X

3.6mm). From this point, the two sides of the n@onrtact are polished with 800grit sand
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paper to produce a smooth, flat finish. This is eldrefore the mini-contact tip is
machined because polishing the tip, while maintani parallel to the polishing surface
is nearly impossible to do by hand, due to thestgrnall dimensions. Once the mini-
contact is polished, the tip is machined and tinéslied mini-contact is cleaned with

acetone. The machining procedure for the mini-adsates shown in figure 5.4.

Machine Copper Block Polish Surfaces of Machine Block to Produce
(3.6mm x 3.6mm x 2mm) Copper Block Mini-Contact Tip

Figure 5.4: Mini-contact machining process

5.2.3 Attaching the Mini-contact

The mini-contact tip is bonded to the Si die usingium based solder. In this
study, two different mini-contact tip sizes werstézl (1.3x1.3mMmand 3.6x3.6mA).
Achieving a good bond between the Si die and the-ountact tip is particularly difficult
for the 1.3x1.3mrtip because of the very small contact area with $h die. This is
performed on a hot plate set at a stage temperatdr@0°C; the die and mini-contact are
placed on the hot plate and allowed to heat upn;Tael.3x1.3mrsheet of indium
solder foil is cut and placed on the tip of thetbdamini-contact, which has already been
coated with flux. The indium solder melts on thenk@ontact tip and the mini-contact is
removed from the hot plate and allowed to cool.nTtike mini-contact is turned upside
down and the tip is placed on the Au coated Sitkdat is still on the hot plate. The
indium solder reflows and the mini-contact staledizon top of the die. Slight pressure

needs to be applied to the mini-contact to faddita good solder bond. The die, with

106



soldered mini-contact, is then carefully removed &om the hot plate and allowed to

cool. Figure 5.5 shows the mini-contact tip soldeiethe Si die.

7 N
4 S8
v Y

Figure 5.5: Mini-éntact soldered oto Si die

5.2.4 Attaching the TEC

The TEC is bonded to the mini-contact base withumdtin solder, which has a
lower melting point than the indium solder bondheg mini-contact tip. The Si die, with
soldered mini-contact, is placed on the hot plata atage temperature of 130°C, such
that the indium solder would not melt, and fluxafplied to the top (base) surface of the
mini-contact. A small amount of indium-tin solderhich melts at 118°C, is then applied
to the mini-contact base surface and the TEC islygptaced on top of the solder/mini-
contact base. Slight pressure is applied to theotape TEC to promote a good solder

bond with the mini-contact.

5.2.5 Attaching the Cu Spacer, Heat Spreader, andé#t Sink
A machined copper spacer is placed around the coimiact/ TEC and thermal
grease (Arctic Silver 5) [58] is used to bond tlmétdim of the spacer to the top of the Si

die. The Cu spacer has a central cavity to accomtaaithe mini-contact/ TEC and two
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machined trenches along its top surface to accoratacithe wires that provided input
power to the TEC. The top of the TEC and top ofGhespacer are bonded to a copper
heat spreader using indium tin solder. Thermalggres used between the top of the heat
spreader and the copper heat sink with attachedTlae experimental setup is shown

below in figure 5.6.

Test Vehicle

N\

Figure 5.6: Experir_nental test package with power suply and temperature
measurement equipment
5.3 Thermal Test and Experimental Results

Power is supplied to the bottom of the silicon dsng four thin-film Minco
heaters [59] activated by an HP E3611A System D@®@eP&upply to simulate different
chip power dissipations on the silicon chip. An OGMk E-type thermocouple, with a
diameter of 76m, is bonded to the bottom of the silicon wafemgsihermal epoxy to
measure the spot cooling performance. Based omtcauple calibration at 0°C and
100°C, respectively, the measurement uncertaingstisnated to be +/- 0.2°C [28]. The
tip of the thermocouple is aligned at the centethefSi die and separated by the silicon

from the copper mini-contact pad and the TEC. Facheparticular heat load on the
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silicon die, an electric current is applied to TeC by an Agilent 6038A System Power
Supply and the temperature, current and voltagees@ded by an Agilent 34970A Data
Acquisition/Data Logger System. The thermal daforeed herein relate to steady-state
conditions, usually obtained some 10~30 minutes #itetest vehicle was powered [28].

Two experiments were performed, one with a mimitaot tip size of 3.6x3.6nm
(same size as the mini-contact base) and a seeshaith a tip size of 1.3mmx1.3mim
(close to the optimized tip dimensions). In botét iases, the current applied to the TEC
was increased in increments of 0.5A and temperatedeictions on the chip were
measured at steady state; the measurements weaedthree times to obtain average
values. In the first test, with the 3.6x3.6Mmmini-contact, OW, 30W, and 67W of heat
were applied uniformly to the bottom of the Si died in the second test, with the
1.3x1.3mm mini-contact, OW, 29W, and 54W were applied.

To support detailed evaluation of mini-contact TE@Gbling and comparison to
the results of numerical simulatiorexperimental measurements of the electrical
resistance, for the two mini-contact tests, werefopmed. It was experimentally
observed that as the temperature increased in .6%38.8mnf mini-contact test, the
electrical resistance also increased. The oppasitirred in the 1.3x1.3nfrmini-
contact test, where the resistance decreased mgtiedsing temperature. These trends,
shown in figure 5.7, led to the development of temafure dependent functions for the
thermoelectric properties, S andfor each of the two configurations. The role gldyy
the electrical contact resistance and its possildpendence on temperature and/or
current, relative to the variance in the bulk pmips of the BiTe;, could not be

ascertained.
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Figure 5.7: Experimentally observed TEC electricatesistance variations at

different input currents and temperatures for the 13x1.3mnf (a) and 3.6x3.6mm
(b) mini-contacts

The temperature reductions achieved for the twoi-oontact geometries are
shown in figures 5.8 and 5.9. The expected parabdépendence of temperature

reduction on electrical current is observed forhe@ase considered and it is seen that a
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peak temperature reduction of 8.5K was achievethodigh it was expected that the
optimized mini-contact tip of 1.3x1.3nfmvould yield higher spot cooling values than
the larger 3.6x3.6mfntip, these experiments yielded similar coolingutes It appears

that the difficulties in precise assembly of thealler mini-contact may be responsible

for this outcome, as discussed below.

Current (A)
0r ‘ ‘ ‘ ‘ ‘ ‘
0 .. 05 1 15 2 25 3 35
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o 30W Experiment
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-9 1 68W Simulation
-10

Figure 5.8: Experimental and numerical spot coolingralues, as a function of
current, on a 500pm thick Si die with a TEC and 3.83.6mnt mini-contact. TE leg
height = 130pm, R, = 9x10° m?K/W at the TEC and 2x10° m?K/W at the mini-
contact/Si die
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Figure 5.9: Experimental and numerical spot coolingzalues, as a function of
current, on a 500pm thick Si die with a TEC and 1.81.3mn? mini-contact. TE leg
height = 130pm, R, = 8.5x10°> m’K/W at the TEC and 2x10° m?K/W at the mini-
contact/Si die
5.3.1 Numerical Validation

The ANSYS™ model was used to numerically deterntime thermal contact
resistances (B at the interfaces of the TEC and mini-contacotigh an “inverse
calculation,” based on equating the numerical aqméemental results. While the precise
Seebeck coefficient (S) and electrical resistiyityof the bismuth telluride in the TEC’s
are dependent on the manufacturing process andneémxplicitly known, the literature
does provide a possible range for each of theserrabproperties [33]. Temperature

dependent values of the Seebeck coefficient antdriel@esistivity, within the range of

reported values, were used to fine tune the nuelRE model to fit the experimental
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results for the 3.6x3.6mfmand 1.3x1.3mMmini-contact experiments. Equations 5.1a
and 5.1b show the temperature dependent S atadlies used to fine tune the numerical
model to the 3.6x3.6mhmini-contact experiment and equations 5.2a and &tdw the

S and values used for the 1.3x1.3rAimini-contact experiment.

S =-0.00185*F + 1.41*T, - 41.6 uV/K  (3.6x3.6mrmm.c. experiment) (5.1a)
=0.02*Tayg+ 5.64 -pum (3.6x3.6mrhm.c. experiment) (5.1b)
S =-0.22*T + 262 uV/K (1.3x1.3mMmm.c. experiment) (5.2a)
=-0.0056*Tayg + 9.0183 -pm (1.3x1.3mrhim.c. experiment) (5.2b)

In the equations for S,;Ts the junction temperature at each interfacenefBbTes leg
and in the equations for Taygis the average temperature of theTB leg.

For the 3.6x3.6mMmmini-contact tip, the Seebeck coefficient (S) @ased by
approximately 11uV/K and the electric resistivity by 1 -um, across the experimental
temperature range. By contrast, for the 1.3x1.8mmini-contact tip, the Seebeck
coefficient decreased by approximately 10uV/K dmel eélectric resistivity by 0.3-um.
This variance of the TEC electrical resistivity vincreased temperature was reflected in
the measured values of electrical resistance urdié.7.

The fine-tuned ANSYS™ model was used to extract thermal contact
resistance values at the TEC ceramic substratdanes with the mini-contact (below)
and the heat spreader (above). An electrical comesistance of 1xID -pm? was
assumed at the interfaces of each TE leg and an#herontact resistance of 2x10

m’K/W was assumed at the mini-contact/Si die interfdmsed on previous work [9,28].
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The thermal contact resistance at the TEC intesfacas observed to be 9x3@n’K/W
and 8.5x10 m’K/W for the 3.6x3.6mrh and 1.3x1.3mfm mini-contact tests,
respectively. Figures 5.8 and 5.9 show that theedéence of the experimental
temperature reduction values on the applied curmedtthe applied heating rate are in
very good agreement with the values obtained froenttned numerical FEM model for
the two test cases. This agreement serves to isstablat the numerical model did
capture the underlying physical phenomena resplenib the effectiveness of the mini-
contact TEC in producing significant local cooliog a heated substrate.

It appears that the relatively high thermal contasistance of the 1.3x1.3Mim
mini-contact is most likely the reason for the |&san expected cooling achieved with
this mini-contact configuration. Figure 5.10 dig@athe localized cooling — reaching
14K at 3.5 amps and 54 Wthat could have been achieved if the thermal aint
resistance value at the TEC ceramic substratdactemith the mini-contact (below) and
TIM2 (above) was equal to 9xPOm’K/W, the value determined for the larger mini-
contact tip dimension. Comparing the results showfgure 5.8 with the values in figure
5.10, the significant and most beneficial effectha# reduced mini-contact tip dimension

is clearly seen.
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Figure 5.10: Numerical model of 1.3x1.3mMmini-contact experiment with low
thermal contact resistance found in the 3.6x3.6mfrexperiment (R, = 9x10°
m2K/W)
5.4 Conclusion

An experiment designed to demonstrate the fedgibdf the mini-contact
enhanced TEC cooling approach. The experimentapsabd procedure are described
and experimental mini-contact/TEC spot cooling measents are presented. These
results show significant spot cooling values of K8that display the viability of this
cooling approach. A numerical ANSYS™ FE model, dépg the experiment, is also
built to extract thermal contact resistance values the experimental results. The close
agreement achieved between the numerical and exgetal results for the uniformly
heated chip, seen specifically in the parametrigatian of spot cooling with the

electrical current and heater power, establishes/#tidity of using the numerical model
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to investigate parametric variations of the on-chgi spot temperature with package

dimensions and thermal contact resistances.
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Chapter 6

6. Conclusions and Future Work
6.1 Conclusions

This thesis explores novel thermoelectric hot spmiling techniques originally
developed by Bar-Cohen, Wang, and Yang. One obthectives of this research is to
study and further develop the silicon microcoolehich is a novel thermoelectric
cooling technique utilizing the silicon in the novprocessor itself as the main
thermoelectric material. A numerical model has beéeveloped for a silicon microcooler
with an integrated silicon germanium superlattiagel to study the impact of various
package parameters on hot spot temperature reduwtich to compare this approach with
the original silicon microcooler. This thesis aksgands on research of the mini-contact
enhanced TEC, another novel thermoelectric hot spoling technique that utilizes
commercially available TEC technology and concdesrdhe cooling flux of the TEC to
dramatically improve hot spot cooling performanthe objectives of this thesis are to
understand and accurately model the thermal physissciated with thermoelectric hot
spot heat removal, to develop qualitative paramétends and optimizations for certain
package dimensions and boundary conditions thatein€e hot spot temperature, and to

predict and quantify the thermal performance ofii&Cs.

6.1.1 Conclusions for the Superlattice Microcooler

The numerical ANSYS™ comparison of the superlatticicrocooler and the
silicon microcooler in chapter 2 determined that, the parametric range of dimensions
and boundary conditions studied, the silicon miooder always produces a greater hot

spot cool down than the superlattice microcooldrisTis most likely due to the low
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thermal conductivity of the SiGe superlattice ammiresponding increased thermal
resistance above the hot spot. Although the topaserof the superlattice always
achieves the lowest local temperatures, it appsaisthe integration of a superlattice

layer into a silicon microcooler would not be beaief for hot spot cooling.

6.1.2 Conclusions for the Mini-Contact Enhanced TEC

The numerical simulations in this thesis have shdww the cooling flux of a
conventional miniature TEC can be dramatically emea with a mini-contact pad and
how thermal contact resistance can adversely affestthermal management approach.
Although the experiments in this thesis could nloygically show a change in cooling
with different mini-contact tip sizes, detailed nemcal analysis of the experiments
shows that this is most likely due to differing timal contact resistance values, for the
two experiments, that equalized the spot coolirsylte for the smaller and larger mini-
contact tip sizes. However, an improvement in cwplilue to an optimum mini-contact
size can actually be observed in the experimen®anig [9].

The results of the ANSYS™ simulations in chaptea8,well as comparison of
the Taiwanese-defined packaging and hot spot cardigpns to previously studied
miniature TEC-cooled, on-chip hot spots, suggeat ifi1) The relatively large size (11%
of the chip area) and dissipated power (19% of ployer) in the Taiwanese “hot spot”
place a heavy burden on the spot cooling TEC’'s bmd their effectiveness; (2)
Reducing the TE leg height of the Taiwanese theleotréc devices, to yield greater
cooling heat fluxes, could result in “real” hot $pemperature reductions of nearly 10K;
and (3) The small thermoelectric element areaifvaatf the commercial TFTEC device

and the further dilution of the cooling effect bgeuof a relatively large Si chip (5 times
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larger than the device) greatly compromises thecéffeness of this TEC cooler and
makes it unsuitable for use for this applicationevBrtheless, noticeable hot spot
temperature reductions should be achievable wittbast package assembly process.

The numerical study in chapter 4 verifies thatitied contact resistance at the Si
chip, mini-contact, and TEC interfaces is one & kiey driving factors in the design of
optimum package dimensions as well as in the vighilf the mini-contact enhanced
TEC cooling approach. It was also observed thairaér Si chip is more likely to yield
greater hot spot temperature reductions than &ehichip. Overall, this chapter provides
guideline for maximizing the hot spot cooling penm@nce associated with the mini-
contact cooling approach.

Chapter 5 experimentally verifies the feasibilbty the mini-contact cooling
approach for spot cooling of a heated die and pewviinversely-determined thermal
contact resistances achieved in the assembled @ahégst package. The numerical model
shows excellent agreement with the experimentalltesind establishes the efficacy of
using the numerical model to investigate thermdateenini-contact cooling of a chip

with a hot spot.

6.2 Future Work

Unfortunately, due to fabrication delays at the wiaiese national lab,
experimental testing of the assembled Taiwanege gackage could not be performed
prior to the completion of this thesis. Future ekpental temperature measurements of
the Taiwanese package should be completed andM®S8™ numerical model should
be validated. Detailed efforts should be focusediroproving the package assembly

process to ensuring clean thermal interfaces. Basethe initial results and additional
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FEM simulations, it is proposed to continue the elepment of miniaturized TEC
coolers for hot spot remediation on Taiwanese chips

Due to the current low efficiency of thermoelectheat pumps future efforts in
this research must also focus on reducing thermatiact resistance at the interfaces of
the TEC. One of the most promising ways of achiguimis goal is through material
deposition, which is capable of yielding some dof thwest thermal contact resistance
values attainable. Future research may includddimeation of thermoelectric materials
directly on the back surface of a chip. This wikely produce the most promising
cooling results but the major hurdles to this apphowill be finding a cost effective way

to implement this technology and physically buitflend testing a successful specimen.
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