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Chapter 1: Introduction

1.1 Motivation

Roughly forty years have passed since transistor density was predicted by
Moore’s Law to double every 18 months or so Egure 1 projects Moore’s Law

logarithmic trend into the future.
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Figure 1: ITRS predictions of feature size, chip gie and transistor density for high performance
microprocessor chips (2)

Figure 1, published by the International Technology Roadmap for Semi conductors
(ITRS), shows that even with the increase of transistor density and consdquentia

decrease of feature size, the chip size remains relatively constant.



The relatively constant chip size and reduction of transistor size transi@ae
higher number of transistors per chip as well as faster chips. These conss@isnc

increase the power dissipation as quantified by equéatib(B).

1-1
P =~ NCV?f
where:
P = power dissipation (W)
N = number of transistors per chip
C = input capacity
V = peak — to — peak voltage of the signal
f = operating frequency

Much effort has been made to reduce the capacitance and voltage of the devices, but the
power continues to increase due to the tremendous increase of transistorashehsity
speed.

The higher power dissipation of these devices comes at a cost of elevated
temperature. Unfortunately, these elevated temperatures are one ofrtltansas of
device failures (4). The rate of failure due to temperature is quantifiecaloi' 8|

equation shown in equatidn2 (5).

1-2
Ea
MTF = AJ?eksT

where:

MTF = mean time to failure
A = constant

J = current density

E, = activation energy

kg = Boltzmann constant

T = absolute temperature

Using the above equation, it is easily seen that a modest decrease of tia@pEdal 5K,

can double the device’s reliability (6) for an activation energy of apmately leV.



The power dissipation of current silicon micro-processors is non-unifacaube
of system integration motivated by the increase of transistor densityavéngge heat
flux is about 10-50W/ch with a peak flux that can reach 6 times this valueRigure 2

demonstrates an example of the heat flux variation on a silicon die.
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Figure 2: A typical heat flux map (8)

These highly localized high heat flux locations, or “Hotspots,” produce localized high
temperature zones on the silicon die showfigure 3.

Hot Spot

\ Colder area

Figure 3: Temperature map corresponding to Figure 48)

It is easy to see from equati@r? that hotspot’s elevated temperatures reduce the overall

reliability of semiconductor devices.



Thermal management requires that all temperatures remain below a maximum
temperature, typically 90-130 for silicon based semiconductor devices (4). As
described before, hotspots have the highest temperature and cooling them adeguatel
conventional techniques entails reducing the temperature of the other regiosisfa
their limit. This produces an over designed thermal management solution for the vast
majority of the chip (4). Also, the cooling solution needed for devices that contain
hotspots is more aggressive than solutions for uniformly heated devices. Overpditdhots
drive design and, consequently, their thermal management is an area that must be

investigated to remediate their negative effects.

1.2 Hotspot Cooling Methods

Hotspot cooling methods have been extensively studied in the past and can be
grouped into two classifications. The first discusses passive techniques aadahé

discusses active techniques

1.2.1 Passive Techniques

Passive cooling techniques do not have moving parts and require no external
power. These typically rely on highly conductive materials, spreadingslaeamad natural
convection. Highly conductive materials, such as aluminum (170 W/mk) and copper
(about 380W/mk) are readily used to conduct heat away from temperature sensitive
electronics (9). Diamond (2300W/mKk) is only used for niche applications because of it
high price as well difficulty of attaching to electronics (4) (9). Copper amdiaum are

also used for natural convection heat sinks which use their high thermal congtativit



transfer the heat at their base, to their fins, and ultimately to the surroamdiment air.
Their heat transfer capability is in the range of 2-25 W/(8).
There are many advantages and disadvantages associated with these techniques.
Their low cost, low complexity and high reliability (no moving parts) are the@ mai
positive attributes. The limited heat removal capability when compared tpdtdieat
fluxes and to active techniques is the main disadvantage. Moreover, these techniques

require a large volume in which to operate.

1.2.2 Active Techniques

Active cooling technologies typically contain moving parts and require the input
of external energy. The most commonly used technique involves a heat sink coupled with
a fan that increases the overall heat transfer coefficient (4). Thisosolsitividely used
for moderate heat fluxes found in desktop applications but is incapable of removing
localized heat fluxes associated with hotspots. Their heat transfer ierefigcin the
range of 25-250 W/fik (9), although high performance, forced convection heat sinks can
reach effective heat transfer coefficients of several IK&/m

Other active techniques, such as micro-channel heat sinks and jet impingement
use other fluids to remove heat from the electronics. Water has a high thermal
conductivity, high density, high specific heat, and low viscosity (4). Thesaathastics
combine to make this liquid a good fluid to remove high heat fluxes. Even though water
allows the cooling solution to have a large heat transfer coefficient (100-20,008)W/m
it is electrically conductive, which does not allow it to be in contact with tgarehics
(9). In order to sidestep this issue, copper or aluminum plates are placed onto the

electronics, effectively enclosing the water, but placing several ¢ortastances in the



thermal stack. These contact resistances severely degrade the peréoaithese
solutions.

In order to remove these contact resistances, di-electric fluids wigich a
electrically non-conductive are used. However, their inherently low theondlctivity
suppresses their performance. In order to improve liquid cooling solutions (both water
and dielectric fluids alike), the liquid can be pressurized and boiled. This provides an
order of magnitude improvement on the heat transfer coefficient over single phase
solutions and is in the range of 2500-100,000 ¥/(8). Even though the above
solutions provide great heat transfer, they require a large system to opkratgpically
includes the micro-channel heat sink, tubing, a pump, a reservoir, and a heat
exchanger/condenser. Since all of these components must operate in conjunction to
remove heat, the overall thermal solution volume and reliability becomes a concern.
1.2.2.1Thermoelectric Coolers

Thermoelectrics provide an alternate active cooling solution for high fluxngpoli
Their high flux characteristics along with their fast time response, carsizac and
reliability (no moving parts), translates into hot spot cooling capabilities (1LD), (12),
(13), (14), (15), (16). These devices can also be integrated into other cooling solutions,
which further suit them for hot spot cooling (4). Conventional devices contain p-n
junctions connected thermally in parallel and electrically in series gl stedips as

shown byFigure 4.
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Figure 4: A 2 Leg Conventional Thermoelectric Coole

Thermoelectric coolers use the Peltier effect to pump the heat from oaeestarthe
other. A direct current voltage source is applied, and the transport of electrgns pum
heat from one surface to another. This direction can be switched if the voltaggssourc

terminals are switched. The amount of heat removed has been quantified iarety3ati

1
Q Net Cooling = (SP Leg — Sn Leg)TCI - EIZRe — KAT 1-3
4 4 AN
Peltier Cooling Joule Heating Fourier Effect
where:

S = Seebeck Coef ficient (V/K)
AT = TH - TC (K)
R, = Electrical Resistance ()

K = Thermal Conductance <m2 K)
The cooling term is dependent on the Seebeck material property of both the p and n

materials. The other terms describe the parasitic effects assbwiigh all thermoelectric



devices. They are discussed in detal.ih Main Thermoelectric Effects.The heat
removed translates into a temperature drop, and if the device is located appyogriatel
can drop the temperature of the hotspot.

The main drawback of conventional thermoelectric coolers (TEC) is themihere
requirement to attach them to the electronic device being cooled. This adds several
contact resistances into the thermal stack that would not have been therésetterd/
as such, severely reduces the cooling potential of these devices. Moreover, the low
conductivity of these devices — when not operating - creates a thermal bloffkage e
That is, at zero current the hotspot temperature could be greater than it wiulebe
were no thermoelectric cooler. These drawbacks motivate the reseatblerof
thermoelectric devices that are capable of hotspot cooling.

The thermoelectric device of interest for the presented work relies on the
thermoelectric properties of the electronic component itself to producelttes iéect.
Zhang and Shakouri have developed p-type boron dop&drti) silicon micro-cooler

as shown byrigure 5 (4) (17).
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Figure 5: SEM photograph of silicon micro coolers17)



They experimentally showed a maximum cooling of@.for a 4Qum x 4Qum cooler at
an optimized current of 0.1A (4) (17). This produced a cooling heat flux of 580W/cm
Wang and Bar-Cohen were able to develop an analytical and numerical model @f Zhan
and Shakouri’s experiment (18). These models were used in a parametricsdhatysi
was able to demonstrate a net cooling flux to 6,000\ffoma20umx20um micro
cooler and a doping of 2.5x10"°cm™ (18).

Using the above work as a foundation, Wang and Bar-Cohen moved forward to

hotspot cooling using a self cooled device. It uses a silicon die as shéwguia 6 and

Figure 7.
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Figure 6: Side view of Silicon Self Cooler (19)

X

Figure 7: Top view of Silicon Self cooler (19)

A numerical and analytical model was used to understand the cooling dependence on

geometrical parameters, doping concentrations, and contact resisteé)cdtswas



concluded that for a @n X 70um hotspot on a silicon chip generating a 680

W/cm? heat flux and a background heating of 70 W/cm?, hotspot cooling of 3°C

is achievable at the optimum parameters (19). More recently, Wang and Bar-Cohen
were able to demonstrate Z5for a similar configuration with a germanium self cooler
(20). The above results demonstrate the great potential for hotspot cooling aadhereat

foundation for the presented work.

1.3  Scope of Work

Thermoelectric self coolers demonstrate great potential to providelimgh f
cooling required for hotspot remediation. As described above, germanium demonstrates
higher self cooling capability than silicon, mainly because of its bégembelectric
properties, and as such, is the material of choice for this work. In essencegtiiw®of
this thesis is to expand on Wang and Bar-Cohen’s work on thermoelectric germanium
self cooling devices. The specific contributions are: (1) validating the ANEX0
numerical models necessary for the work; (2) creating a germaniunoséifg meta-
model; (3) determining the difference between a constant voltage and constamit c
boundary condition; and (4) determining the potential for a bi-layer (Si/Gejosding
device.

This thesis contains both numerical and analytical simulations for germanium
thermoelectric self cooler devices. It is organized into the following cigapte

Chapter 1 provides the motivation for this research which is rooted in Moore’s
law logarithmic trend of increasing transistor density. There is also adiseefssion on

the several hotspot cooling methods, separated into passive and active technitjyes. Las
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conventional and self cooled thermoelectric devices are discussed as angromis
technique for hotspot remediation.

Chapter 2 provides a brief introduction to the underlying phenomena of the
thermoelectric cooler. The effects are grouped into reversible andrsilele effects and
explained individually. The Peltier effect is given a solid state exptamand the
equations, trends, and metrics used for thermoelectric coolers are disEusaibg.
typical configurations are discussed briefly, ending with previous research doglé on s
cooling devices.

Chapter 3 develops a numerical simulation for Wang and Bar-Cohen’s
germanium thermoelectric self cooling device. Moreover, it imposes a nbusteage
boundary condition. The hotspot temperatures and reductions associated with the
application of current, cooler size, and die thickness are presented. The mhpends
are then compared to those developed from the self cooler with constant current boundary
conditions. This comparison provides a bound on the performance for an actual
thermoelectric self-cooler device. The detailed results of constanhtaresomitted
because they have been previously published in reference (20) and demansteate s
trends as the self cooler with constant voltage boundary conditions.

Chapter 4 applies Wang and Bar-Cohen’s analytical silicon self coobagIrto
the germanium substrate. A meta-model is developed by using the numendsl frem
the self cooler with constant current boundary conditions and creating allocatiors f
which account for the non-uniform heat generation motivated by the non-uniforentcurr
path. The hotspot temperatures and reductions associated with the applicatiomaf curre

cooler size, and die thickness variations are compared to those from treokelirgth
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constant current boundary conditions. The observed difference is found to explain the
discrepancy between the meta-model and the numerical results.

Chapter 5 describes a bi-layer thermoelectric self cooling device cogtaimen
layer each of Silicon and Germanium. The percentage of germanium is varied and the
hotspot temperature and hotspot reduction results are compared to those obthittesl wit
same total die thickness of pure germanium. The bi-layer resultsarecahpared to
the same total die thickness of pure silicon . These differences dememstiayer
structure benefits over single layer structures.

Chapter 6 summarizes the presented work in this thesis and provides
recommendations for future work.

The Appendix is dedicated to validating the numerical models necessary for the
presented work. The thermal and electrical models are validated indepeaaheiity
the foundation for the required coupling necessary to simulate thermoetectiecs.
Then, the thermal and electrical model is coupled with Joule heating, and Joulg heatin
and the Peltier effect. These numerical coupling techniques are discussedl.i det
Joule heating coupled thermal-electrical model is validated using acelasénite slab.
The Joule heating and Peltier effect coupled thermal-electrical modeidated|using a
one leg thermoelectric cooler. The differences between the numericahalytical
solutions for all models are quantified and provide confidence for their use in thdsanalys

of thermoelectric self cooling devices.
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Chapter 2: The Thermoelectric Cooler

Thermoelectric cooling devices (TECs) are suitable for high flux seotnal
management applications and have high reliability due to their solid state 2&ure (
They are heat pumps that remove heat from one location and dissipate that energy to
another location. Moreover, they convert thermal energy to electrical eaadin the
process, both reversible and irreversible phenomena occur.

2.1 Main Thermoelectric Effectsdiscusses the effects that govern this process, and
subsequently their performance. The performances of the thermoelectoesdane
rooted in the interplay between the reversible effects, mainly the Péiget, and the
irreversible effects, mainly Joule heating and the Fourier Effect TA¥) Peltier effect
determines the cooling potential of the device, whereas the irrevigysabiloule heating
and the Fourier effect degrade the overall cooling performance.

Following the general explanation of the main effects, the Peltier effditdussed
as it pertains to a conventional thermoelectric cool@r2nA Detailed analysis of the
Peltier Effect. This is done using solid state physics, for a single semi-conductor
material, and then for the entire conventional package following the electiron pat

Then, in2.3 Thermoelectric Cooler Net Effects the reversible and irreversible
effects of the conventional thermoelectric cooler are grouped to determimet tt@oling
power equality which demonstrates the main tradeoffs for conventional tHectnice
coolers (TEC).

Conventional Thermoelectric cooler metrics are discuss2dtithermoelectric
Cooler Metrics. These metrics reflect the performance of the coolers, and as such

describe the maximum temperature difference between the cold and hot junction among
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other metrics. These metrics are found by maximizing the net cooling povaercibal

this equality, and then optimizing the aspect ratio of conventional thermaetzmtters.

The main metrics of concern are the power required to run the package, the coefficient
performance (COP), and the figure of merit (2).

Section2.5 Thermoelectric Materials and Current Devicegsliscusses why
semiconductor materials serve as the best thermoelectric mateatds. dives into
describing that high net cooling values are of interest of hotspot remediatiediesign
goal. Three main devices are discussed. The first two include either giBialieg (or
similar materials) legs or thinning the bulk material. The last deviceys#iss highly
doping the semiconductor material containing the hotspot to deliver high P factes.val

This last device presents the basic design used for the presented research.

2.1  Main Thermodectric Effects

Thermoelectric coolers (TEC’s) are governed by reversible and risibleeeffects.
The reversible effects include the Seebeck effect, the Peltier efiddh@Thomson
effect (21). The parasitic or irreversible effects are an inevitadokeof the solid-state
package and are Joule heating and the Fourier effect (21). The Peltiedeféestines
the cooling potential of the device, whereas the irreversible of Joule heatingeand th

Fourier effect degrade the overall cooling performance.

2.1.1 The Reversible Effects

The reversible effects of thermoelectric coolers describe thesieeconversion of
electrical and thermal energies and consequently determine themrgcowchanisms.

The reversible effects include the Seebeck effect, the Peltier efifddh@ Thomson

14



effect (21). The effect that are of main importance to thermoelectriersaslthe Peltier
effect (4).
2.1.1.1The Seebeck effect

The Seebeck effect appears when two dissimilar materials, A and B,rea@ §oi
one end and the junction is held and a temperature Eigce 8 pictorially

demonstrates the Seebeck effect.

T1

T2

Voltmeter

Figure 8: The Seebeck effect (2)

If the other end is held at a different temperature, T2, then the voltmeter willlshow
reading in micro volts (21). The voltage read is called the Seebeck VadltHge (
Consequently, the Seebeck effect discusses the phenomena of converting thegyal ene
to electrical energy (21).

The voltage read at the voltmeterHigure 8 is proportional to the temperature
difference times a proportionality constant, “S”, called the SeebeckaeaftfiEquation

2-1 demonstrates this relationship (21).

2-1
AVseepeck = £5dT

where:

S = Seebeck Coef ficient (V/K)
dT =T1-T2 (K)

AVseepeck = Voltage (V)
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The “+” describes the switch of voltage sign when the materials “A” afigviitch
locations inFigure 8.
2.1.1.2The Peltier effect

Compared to the Seebeck effect which discusses thermal to electricgl ener
conversion at zero current, the Peltier effect discusses the absorptioem@tigarnof heat

when current is applied to the system pictorially representEdjure 9.

T Peltier CIOIing T1

T2

L

Q Peltier Heatind'lv

Figure 9: The Peltier Effect (2)

Two materials, A and B, have been joined in the above figure with their junctions held at
T1 and T2. The amount of Peltier cooling and heating emitted from the system is

proportional to the current and has been defined in equ&iion
Qpeitier cooling = — T 2.2

Qpeltier Heating = ml
where:

n = Peltier Coef ficient (V)
I = Applied current (A)

16



The heat rejected at the “T2”, or hot junction is the summation of Peltier Haatingll
as the power applied to the thermoelectric device. This is because a teetnweevice
is a solid-state heat pump which transports thermal energy from one locatimthera
and in the process, must dissipate the energy needed for transport.
The coupling between the Seebeck and Peltier effects is described through the

Kelvin relation in equatio2-4.

2-3
n=ST

where:
m = Peltier Coef ficient (V)
S = Seebeck Coef ficient (V/K)
T = Temperature (K)
It is important to note that through the couplin@e and2-3, an increase in the Seebeck
Coefficient directly increases the amount of Peltier and conversely tHeotrae
cooling.
2.1.1.3The Thomson effect

The Thomson effect was discovered during an experiment by William Thomson
when he heated a metal bar in the middle, ran a current from one end to the other, and
observed that the heat spread unequally among the two halves (21). Thus, this effect
describes the absorption or generation of heat when current is passed through a
homogenous material which has a maintained temperature gradient (21). ddtiba$f
been quantified by equatida4 (4).

2-4
B 16T
q=po
where:
) 0
u = Thomson Coef feicent (W)

I = Current (A)

17



T = Temperature (K)
Even though this effect is of importance, it creates a negligible effe&i@s T4).

2.1.2 The Irreversible Effects

The irreversible effects of thermoelectric coolers describe tlasiiarmechanisms
that degrade thermoelectric cooler performance. These parasitic afiedisule heating
and the Fourier effect.
2.1.2.1Joule Heating

Joule heating is the volumetric heat generation that occurs whentqueisses
though a material which has a finite electrical resistance. If thertyvasses through the

material uniformly, then equatid5 can be used to quantify this effect (9).

2-5
Q]oule Heating = IzRElectrical
where:
I = Current (A)
Riiectricat = Electrical Resistance (2)
This effect is readily used to quantify the amount of heat loss of a wire dorgsSigure

10 pictorially represents this effect.

Q Joule Heating

[T
(e (D

Figure 10: Joule Heating

2.1.2.2The Fourier effect
Fourier's Law describes the one dimensional temperature distribution thieugh t

thickness of an infinite slab (infinite in the other two orthogonal directions) (9).

18



The Fourier heat flux is proportional to the temperature distribution times tinesather

conductivity of the material. This has been quantified in equatén

2-6
aT

" ) — _k -
QFourler ax

where:

w
k = thermal conductivity (—)
mk

o (K
ol slope of the temperature distribution (E)

The negative sign has been placed into the equation since heat moves in the direction of
decreasing temperature (9).
Moreover, under steady state and no heat generation conditions, the temperature

distribution becomes linear and equati®f can be simplified to equatidti7 (9).

Qrourier = Ac Qrourier

TZ - Tl AT
Qrourier = —kA¢ a = kAc L = kAc T
I,-T,
Qrourier = kAc
2.7
AT
Qrourier = kAc T

L = length of infinite slab (m)

AT = temperature dif ference (K)

Ac = cross sectional area (m?)

Figure 11 pictorially demonstrates the simplified form.
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Figure 11: Fourier Law (9)

2.1.3 Summary of Thermoelectric Cooler (TEC) Effects

Thermoelectric coolers are solid-state heat pumps that remove heat fatimnoc
and dissipate that energy to another location (21). This process is in generaldbyerne
reversible and irreversible thermal to electrical energy tramsfioons. The main
reversible effect is the Peltier effect. The Peltier effectraetes the cooling potential of
the device, whereas the irreversible of Joule heating and the Fouriedefjeatle the

overall cooling performance.

2.2 A Detailed analysis of the Peltier Effect

Thermoelectric cooler (TEC’s) performance is governed by the interplay o
reversible and irreversible effects. However, the main reversiblengaaffect, the
Peltier effect, was briefly touched upon by demonstrating the underlyimyifas. A
simplified conventional thermoelectric cooler (TEC) package along with satiel st

physics is used to describe underlying principle of the Peltier effect.arbenventional
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thermoelectric cooler (TEC) is analyzed to discuss the Peltiat efeone follows the

electron path through the thermoelectric cooler (TEC).

2.2.1 Solid State Physics of the Peltier Effect

A conventional thermoelectric cooler (TEC) consists of highly doped
semiconductor materials (22). Doping materials, such as silicon, reducesigtigity,
which in turn allows current to pass without excessive Joule heating. However, high
levels of doping can also increase the Seebeck coefficient, which abeedmfore,
increases thermoelectric cooling (2Bigure 12 demonstrates a simplified conventional
thermoelectric cooler (TEC) package with an n-type semiconductor (in yehawhas
been highly doped to contain an excess of electrons. Moreover the conduction band

electrons are the predominant charge carriers (4).

N-type
semiconductor
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E. = Conduction Band edge
Er = Conduction Band edge
e~ = Electron
Qcooling = Peltier Cooling

Queating = Peltier Heating
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Figure 12: Simplified Conventional Thermoelectric TEC) Cooler (4)

A constant DC voltage has been applied through metal wires to the ends of the n-type
material. Viewing the orientation of the voltage source, the current rocisnke,
whereas the electrons run counter clockwise.

On the right portion of the semiconductor, electrons pass from the metal wire into
the semiconductor. However, in order to accomplish this task they must jump in energy
level due to difference between the conduction band edge (short dotted line) of the
semiconductor and the Fermi level (long dotted line) of the metal wire (22). The
difference between these energy levels;EE), is absorbed from the surroundings in the
form of thermal energy determined by Peltier cooling.

Then, as the electrons leave the semiconductor and return back to the metal wire,
they must move from the conduction band edge, back to the Fermi level, consequently
releasing thermal energy in the form of Peltier heating (22). The movemiiet of
electrons carries thermal energy from the right to the left, creatintgldlux on the
right, and a hot heat flux on the left.
2.2.1.1The Peltier Effects of a Conventional Thermoelectric

The package ifrigure 12 demonstrates a simplified thermoelectric cooling
(TEC) package with one material. True conventional packages contain bothamtype
type materials. The n-type materials, as discussed before, are dopeaio aorxcess
of electrons, whereas the p-type materials are doped to contain an exmessre. The
excess of protons, instead of electrons, provides the same effect as disc@sadd in
Solid State Physics of the Peltier Effecbut with the Peltier cooling and Peltier heating

occurring at opposite locations than the n-type material (1).
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The location switch of Peltier cooling and Peltier heating is exprespdidityx
through the Seebeck Coefficient sign change. N-type semiconductor matereats ha
negative Seebeck Coefficient, whereas p-type semiconductor materialsgasrava
Seebeck Coefficient. Moreover, thermoelectric coolers (TEC) use traatas on
ceramic substrates to provide structural rigidity, electrical senanection, and allow
the materials, or legs, to be thermally parallel (1). This provides the talectrac
package with a cooling surface for the electronic package and a heatirog sunfeh is
usually attached to a heat sink.

Typical thermoelectric coolers (TEC) contain many p-type and n-typeeeks or

“legs,” but for the sake of simplicity, a two leg package has been displajaglire 13.

Cooling Surface

Ceramic
> Metal
Zone 2 > Meta Zone 1
N-type P-type
semiconductor ¢ semiconductor
material material
Zone 3 5> Zone 4
Metal— E— one

Ceramit

Heated Surface

Figure 13: Conventional Two leg Thermoelectric Coar (TEC)
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The circled locations are where the semiconductor materials are joinethevitietal
traces, and because of the solid state physics discussed before, demotistrd®elaer

cooling or Peltier heating

2.2.2 Peltier Effect of Conventional Thermoelectric Cooler

The Peltier effect is an effect that occurs when electrons pass fromréace 40
another. Thus a detailed analysis that follows the electron p&tgure 13is presented
here to show how the locations of Peltier cooling and heating. Moreover, many
assumptions can be made that translate into simplified equations. They havstbden li
below.

The Thomson Effect can be neglected (23).
The hot and cold junctions have no effect on the electric circuits (23).
The p-type and n-type semiconductor materials are the same shape (23).
The thermal and electrical properties of the semiconductor are temperature
independent (23).

5. The junction temperatures for the p-type and n-type are the same.
At Zone 1, the electrons migrate from the p-type leg to the metal, ancéomse

PwpNdPE

described before, must absorb energy from their surroundings. At Zone 2 the electrons
migrate through the metal/N leg interface, and consequently hdxagad because of
their opposite doping.

Equation2-8 formulates this heat transfer aRdjure 14 shows the electron path

and the location of the cold junction temperature (20).

2-8
QPeltier Coolingp 1eg = (SP Leg — SMetal)TCI ~ SP LegTCI

QPeltier Coolingp Leg = (SMetal - SN leg)TI ~ _SN LegTI

|74
S = seebeck coef ficient (E)

T; = absolute temperature of cold Juction (K)
I = current(A)
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\ TC /V
\ N-type

Figure 14: Zone 1 (right) and Zone 2 (right) demonsating Peltier Cooling

The above equations assume that-Bs small when compared to that of the legs, and
thus can be ignored (20).

The total Peltier Cooling can be obtained by summing the effects shown in
equation2-8 together after realizing thaf,&nd $ are of opposite signs due to their

opposite doping. Equatiatt9 defines the total Peltier Cooling (21).

2-9

Qpeltier Cooling = (SP Leg — AYY Leg)TColdSideI

Peltier heating occurs at Zone 3 and 4 due to the solid state physics of
thermoelectric coolers (TECs). The effects at each zone has beendamuaisplayed
in equatior2-10(21). Figure 15displays the electron path and the location of the hot
junction temperature.

2-10

Qpeltier Heating = (SP Leg — Sn Leg)THI

Ty = absolute hot Jucntion temperature (K)

n-type\
4+— TH
Metal 4_/ e- e- Metal

Figure 15: Zone 3 (left) and Zone 4 (right) demonsating Peltier Heating

25



2.2.3 Summary of Detailed Peltier Effect Analysis

The Peltier effect occurs because electrons passing from conductors to highly
doped materials (or vice versa) must either increase their energingeltier cooling,
or decrease their energy, creating Peltier heating. In a conventiomab#iectric cooler,
this process occurs for both p-type and n-type materials, but in opposite direation f
each other due to their opposite doping. This allows the legs to be connected with metal
trances in electrical series, but thermally parallel which sums thengaoid heating

effects on their own respective surface.

2.3 Thermoelectric Cooler Net Effects

Conventional thermoelectric coolers, as showirigyire 13, not only contain the
Peltier effect discussed ih2 A Detailed analysis of the Peltier Effe¢tut also contain
irreversible effects. These irreversible effects limit the o/peaformance of the
thermoelectric cooler and are Joule heating and the Fourier effect.

After some assumptions are made, the reversible and irreversibls effec
clearly coupled in the net cooling power. The total Peltier cooling showed in eg&tion
is balanced by half of the uniform volumetric heat generation through the legs (Joul
heating) at the optimum current. Joule heating is typically minimized by regtie leg
height, which increases the Fourier effect, eventually balancing alldéffests of the net
cooling power and subsequently providing the best cooling that the thermoelectric

package can provide.
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2.3.1 Net Cooling Power

Determining the net cooling power is of importance because it demonstrates the
coupling between the reversible effect, the Peltier effect, and thersiele effects, Joule
heating and the Fourier effect. However, before the equality is demedstattain
assumptions have been displayed below that simplify the analysis.

1. The Thomson Effect can be neglected (23).

2. The hot and cold junctions have no effect on the electric circuits (23).

3. Other forms of heat transfer (convection and radiation) are negligible when
compared to conduction within the package and are subsequently ignored
(23).

4. The p-type and n-type semiconductor materials are the same shape (23).

5. The thermal and electrical properties of the semiconductor are temperature
independent (23).

6. The junction temperatures for the p-type and n-type are the same.

The Net cooling power location is at the cold junctions of the conventional thermaelectri

cooler (TEC). They have been demonstrateigure 17.

Cooled Surface

Ceramic
Qcr 101 Metal Qcz
( LN 3
Tc
N-type P-type
semiconductor < > semiconductor
material material
\ J
Qh1 \ﬁ = ——— Qe
Ceramic

Heated Surface

Figure 16: Conventional Thermoelectric Cooler (TEC)with Net Cooling Power Location

demonstrated
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Viewing the above figure, it is important to note that the net cooling powes is t
summation of the cooling power from the n-type and the p-type semiconductor materia
Furthermore, the irreversible effects subtract from the summed Pebierg(equation

2-9). This relationship has been given in equagetil (4).

1
Q wet cooting = Qc1 T Qc2 = (Sp eg = Sn1eg)Tel — ElzRe — KAT 2-11
- — _ H_J \ﬂ_/
t t
Peltier Cooling Joule Heating Fourier Effect
where:

AT = TH - TC (K)
R, = Electrical Resistance ()

K = Thermal Conductance ( )
m2K

The above equation contains simplified terms, specifically electrigatarse (R) and
thermal conductance (K), which are effective terms accounting for bothtyipe gnd n-

type semiconductor materials. These base terms have been displayed in below

. . Ly Ly
R, = Electrical Resistance () = p,— + pp—
A, A,
K = Conduct (W )—k b ype
= Conductance (o) = pa, Thn g,

where:
Ty = Absolute Hot Jucntion Temperature (K)

w
k; = i — type Thermal Conductivity (ﬁ)

L; =i—type Leg Height (m)
pi = i — type Resistivity (Am)
A; =i — type Cross Section Area (m?)

The first term in the above equation is the linear current dependent Pehiargeffect.
The second term is the quadratic current dependent Joule heating. This % obefficie

arises because the uniform current passing through the legs creates unitorntrrol

28



heating. Thus, it is easily seen that half of the Joule Heating is felt ajpthar tcold
junctions, and half is felt at the bottom, or hot junctions. The last term in the equation is
the Fourier Effect as described by equaften The last two terms in the equation are
appropriately subtracted from the cooling since they are parasitie iBhaliso a net

heating power that has been displayed below in equztiit(4).

1
Q yet Heating Qu1 + Qu2 = (SP Leg — SN Leg)Tcl + ElzRe + KAT 2.12
t RN
Peltier Heating Joule Heating  Fourier Effect

2.3.2 Conventional Thermoelectric Cooler Cooling Tends

Understanding the typical TEC cooling trend is vital in developing viable TEC
packages. Equatid11 will be used to explain the trend describedrigure 17 and
Figure 18since the net heat transfer translates into a current and leg height dependent
temperature.

Cooling ag a Function of Current

T1

=

T3

Temperature (°C)

T

reeeeei—
Current (A)

Figure 17: TEC cooling as a function of current

The cooling trend begins at temperatugevhich occurs at zero current. As current is

applied, the temperature initially drops linearly due to the Peltier coolingar
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dependence on current. At larger currents, Joule heating becomes compéihaBtdtier
cooling. This balance of effects occurs at™@nd demonstrates the minimum
temperature that can be accomplished by current. At currents largerdbarittht create
the minimum temperature, Joule heating becomes dominate and the temperatur® begins t
rise as demonstrated bysT

Thus for each leg height, there is an optimum current that produces a minimum
temperature. However, if the Joule heating was reduced, which is typically done by
reducing the height of the TEC legs, the temperature would decrease fumtkehsre is
less material to contribute to volumetric heating. Unfortunately, thisteffémited by
the back conduction effect. This interplay between back conduction and Joule heating has

been demonstrated Figure 18.

Cooling as a Function of Leg Height

I\

Ts

Minimum Temperature (°C)

-
Leg Height (pm)

Figure 18: TEC cooling as a function of leg height
The above graph is constructed by varying the current for a specific leg hedght a
finding the minimum temperature, as was donEigure 17. Then, these minimum
temperatures are recorded for various leg heights, and plotted against minimum

temperature.
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At T4, the leg height is too large to produce the minimum cooling. As the leg
height is reduced, volumetric heating is reduced, which reduces the tempéekhiiue
the leg height is small enough that the back conduction has become comparable to the
Joule heating effect. Ss demonstrated §yeg heights smaller than those that produce

Ts, further degrade performance.

2.3.3 Summary of the Conventional Thermoelectric Coolers

Conventional thermoelectric coolers contain coupled reversible and irreversible
effects. These effects are coupled through the net cooling power (edatlprirhe net
cooling power demonstrates the need to several different currents, to find the balanc
between Peltier cooling and Joule heating. Moreover, several geometattovesrare
computed to balance back conduction with Joule Heating. Overall, the net cooling power
demonstrates the main tradeoffs that occur in thermoelectric coolerd as wed

importance of current and geometric variations.

2.4  Thermoelectric Cooler Metrics

The performance of conventional thermoelectric coolers is reflected in the
presented metrics. Equati@rl, equation2-11,and equatio-12aid in the development
of the power and coefficient of performance (COP) metric. The other mefraoncern
are found by maximizing the net cooling power, balancing this equality, and then
optimizing the aspect ratio for conventional thermoelectric coolers. This prpaasdes
the maximum temperature difference between the hot and cold junction, and teefigur

merits
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2.4.1 Power and Coefficient of Performance (COP)

The power applied to these devices, as well as their efficiency, or coeffodi
performance (COP), is of important to thermal engineers. The power can be found by
multiplying the voltage times the applied current (24). The total voltage of the
thermoelectric cooler (TEC) is equal to the Seebeck voltage (sdel The Seebeck
effect) plus the resistive voltage drop (21). The total voltage equality has hewn s
equation2-13(4).

Vrotar = (SP Leg — SN Leg)AT + IR, 2-13

Multiplying equation2-13 by current provides the power required to operate the
thermoelectric cooler (TEC) and is found in equation 2-14
Powerrgc = (SpLeg — Sn 1eg)ATI + I*R, 2-14

The efficiency of conventional thermoelectric coolers is more easilyrstode
when the derivation starts at equatibtl They have been simplified and displayed as

equation2-15(21).

1
Q Net Cooling (SP Leg — SN Leg)TCI - ElzRe — KAT 2.15

The performance of a thermoelectric cooler (TEC) is typically vieageithe efficiency of
a refrigerator or coefficient of performance (COP). It is defined bydseéed output
divided by the required input (25). The desired output is the net cooping power (equation
2-15 and the required input is the power applied to the package (eqRtdnThe
COP of a thermoelectric cooler is shown in equaZid® (4).
1

¢ Net Cooling _ (SP Leg — SN Leg)TCI - ?IzRe — KAT

= 2-16
Powerrgc (SpLeg — Sh Leg)ATI + I?R,

COPTEC ==
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2.4.2 Maximum Hot and Cold Junction temperature Difference AT pax)

In order to determine other conventional thermoelectric cooler (TEC) metrics
such as the maximum cooling between the hot and cold junction and the figure of merit,
or “Z factor,” the net cooling power (equati@rl5) must be optimized.

The net cooling power is quadratic with current, and when the derivative of the
function reaches zero, the maximum cooling power has been reached (21). Thus, finding
this optimal current value is of importance since it provides the maximum cooling powe
after substituting the optimum current back into equaid® (21).

The maximum cooling power occurs when the Peltier cooling, Joule Heating, and
Fourier effect have balanced each other perfectly and subsequently eréagemally
insulated cold junction. The solution to this outlined process has been provided in

equation2-17(21).

2n 2
S ) T, 1
ATyax = ( £ieg ZKII\;Leg) ¢ = 5 Z TCZ 2-17
e

2.4.3 Figure of Merits

To determine the figure of merit for the conventional thermoelectric cODET)
another optimization must be found. Viewing equafiely, it is clear that the maximum
temperature difference can be increased if the denominatog™}‘tfsRninimized (21).
This is done by assuming the lengths of n-type and p-type are the same anldeuaneg@
aspect ratio as the optimization parameter (21).

After this is performed, the figure of merit, or the Z factor, is determihdwhs

been displayed in equati@18 (21).
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2
_ (SP Leg — SN Leg) _ SP Leg — SN Leg

KR 1 1
) (kppp)? + (kypn)2

Z 2-18

Equation2-18can be further simplified if the following list is held.
1. The Seebeck are assumed to be equal but opposite.
S{]:SD:S
2. both legs are Thermally equal,
kn=ko=k
3. both legs are electrically equal,
Pn=Pp=P
4. and both legs are geometrically equal,
An=Ag=A
Lr=L=L
This produces equatid19(26).

Sz
Z=E

2-19
As shown by equatioR-19, the “Z” factor is geometrically independent. Moreover, it
provides a value which is proportional to the material’s thermoelectric pdtémther
words, higher “Z” factor materials demonstrate more thermoelectoing.

The above figure of merit is used when the Fourier Effect is of important. This is
not always the case, especially when considering a “self cooled” geonfatty uses the
semiconductor device itself as the thermoelectric cooler (18). In thess,the “Power

Factor” is used, which eliminates the thermal conductivity from the “Z.” fiduse of

merit is shown in equatio®-20.

p==2 2-20
p

The above figure of merits demonstrates that the best thermoeleceitatsdtave the
highest Seebeck Coefficient, lowest electrical resistivity, and laveshal conductivity

possible.
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2.4.4 Summary of Conventional Thermoelectric Cooler Metrics

The performance of conventional thermoelectric coolers is reflected in the
presented metrics. The net cooling power is vital to developing all of the presented
metrics. Using the equation without modification, the power and efficiency of
thermoelectric coolers (TEC) is found. The net cooling is maximized, leamlaand
further optimized to find the other metrics of concern (maximum temperatueectite

and the figure of merits).

2.5 Thermoelectric Materials and Current Devices

Highly doped semiconductor materials serve as the best thermoelectri@imate
since they contain a high “Z” factors and “P” factors. Current thermoelecinlers apt
for hot spot remediation require a high net cooling flux that can be achieved with short
Bi,Tes legs. Thin Film Thermoelectric Coolers (TFTEC) are created by gmpthie
material through co-evaporation (27), co-sputtering (28), or electrochletejposition
(29) (30) among other processes. Bulk miniaturized coolers accomplish spaidbts
by thinning the bulk BiTe; legs. The last device of interest consists of highly doping the
device containing the hotspot (silicon) for high P factor values and produces the highest

net cooling power of all three device types.

2.5.1 Common Materials

As shown by equatioR-20and2-19, ideal thermoelectric materials demonstrate
the highest “Z” factor and power factor. Such a material contains the higgpeistck

Coefficient, the lowest resistivity, and the lowest conductivity possible.
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For metals the thermal conductivity is in-directionally proportional to the
electrical resistivity as governed by the Wiedmann-Franz law (4). iTlugnpossible to
reduce the thermal conductivity while reducing the electrical nagystin
semiconductors, the thermal conductivity is predominantly governed by phonon
movement with little dependence on electron movement (4). Thus, the electrical
resistivity, which is governed by electron movement, can be decreased witsatut gr
increases in thermal conductivity. This is usually accomplished through heavg dopin
because the “mass difference scattering in semiconductors reducati¢kehermal
conductivity with little increase of the electrical resistivity},(431).

Bismuth telluride-based materials are currently the best commercial
thermoelectric materials since they have the highest Z factor antbP. fetwe ZT (Z
factor times temperature) values have recently reached values abokét@migerg et
al. were able to create a p-type bismuth telluride material with a ZT value of 1.14
at 300K (32). This material was specifically (Bio.25Sbo.75)2(T€0.97S€0.03)3 (32).
Yamashita el al, have shown ZT values of 1.19 at 298K for the n-type
Bix(Teo.94S€0.06)3 and 1.14 at 308K for the p-type (Bip25Sbo.75)2.Tes alloy (4), (33),
(34), (35).

Bismuth telluride legs are typically extruded or hot press sintered. This
limits the dimensional to 1.8 X 3.4 X 2.4mm and 62 X 62 X 5.8mm (X,y,z
dimensions) (4). Even though this provides a maximum cooling at room
temperature of about 70°C, it only delivers a 5 to 10 W/mK cooling heat flux (4),
(36). However, as described in 2.3.2 Conventional Thermoelectric Cooler Cooling

Tends, this heat flux potential can be substantially increased by decreasing the

36



leg height. Consequently, thermoelectric coolers applicable for hot spot cooling

display heights in micro meters.

2.5.2 Thin Film Thermoelectric Coolers (TFTEC)

The Thin Film Thermoelectric Coolers (TFTEC) have the advantage of having
low leg heights which translate into a high-flux cooling abilities and are aptdes
production (4). They use various techniques to deposit bismuth telluride-basedlsnateria
These methods include co-evaporation (27), co-sputtering (28), electroahemic
deposition (29) (30), and other techniques.

Zao et al made p type and n type films using the co-evaporation technique (4)
(27). He used antimony and tellurium to make p typd &dilms and bismuth and
tellurium to make n type BTe; films (4) (27). These films have a Z value of 1.04E
which translates to a ZT (Z factor time temperature in Kelvin) of 0.327) The
cooling performance of the experiment is showiable 1 for the optimized cooling
current of 55mA (4) (27).

Bottner et al developed two-wafer processes to create TFTECs (4T (28e
TFTEC were soldered together using chip-to-chip, chip-to-wafer, or si@afeafer
techniques (4) (28). The thermoelectric materials consisted of n-ty{&eBie} and p-
type (Bi,Sb)Te; and were grown using the co-sputtering technique to the heightuaf 20
(4) (28). The cooling performance of the experiments is shoviahie 1 for the
optimized cooling current of 2.1A (4) (28).

Snyder et al used the MEMS process, electrochemical deposition, to make

TFTECs (4) (37). The cooler contained 63 n-type legs made,6é8and 63 p-type were
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made of Bj.xShTe; all having heights of 20m (4) (37). The cooling performance of the
experiments is shown ihable 1for the optimized cooling current of 110mA (4) (37).
Su-Kyum Lim et al characterized electrodeposited bismuth-antitedioyide
(Bi-Sb-Te) and antimony-telluride films (Sb-Te) (38). Charactéornavas performed
using a x-ray diffractometer and the Seebeck values were found at room tenegeya
applying a 268C temperature difference at both ends of the films (38). The resistivity
values were measured using a 4-point probe and the power factor was calcutated usi
equation2-20(38). Furthermore it was hypothesized that the high power factor of the
antimony-telluride films was due to their amorphous state and their stoietmnosimilar
to SkkTe;(38). Their experimental results are found able 1
Chowdhury et al developed bismuth telluride based superlattice thermaelectri
thin film coolers using metal-organic chemical vapor deposition (39)eBEb,Te; P
type and BiTes/Bi,Te; gsSe 17 superlattices were created and assembled into a 7 by 7
cooler (39). (39). The TEC was integrated into a package as showgurg 19. This
figure also shows an IR image of the heaters, both hotspot and background, on the test

chip.

Convective cooling
with a fan heatsink

‘ Integrated heat spreader
Thermoelectric Thermal interface
cooler Test chip material

Test chip

Localized
heater
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Figure 19: Chowdhury et al Thermoelectric Cooler (TEC) Package

They experimentally ran a background heating of 42.7 \W#smd a hotspo#Q0um x
400um) heating of 1,2.50W/cfThey published a high cooling value of P&&n a
silicon thermal chip with a hotspot. This cooling value is taken from the package without
the thermoelectric device minus the cooler at optimum current (39). MoreoVér,of.6
the cooling was attributed by replacing the lower conductivity TIM over th@diolby
the higher conductivity cooler and was referred to as “Passive coolingT{ag5.only
7.3°C of cooling was observed if the point of reference only considers the package with
the cooler integrated (39)heir experimental results are foundTiable 1

Bulman et al researched the potential of single and multistage cooler$i{é)
created a single level thermoelectric device using superlattips sfrepitaxial n and p-
type Bk ,ShTes \Sg/Bi,Tes (40). They demonstrates exceptional maximum cooling in a
vacuum by either powering all three stages and less cooling by poweringalsthtes
by two wires.Their experimental results are foundTiable 1

J. Lybeck et al studied the thermoelectric properties of other thermaelectri
materials besides bismuth-telluride compounds (41). They used an atomic layer
deposition technique to deposit fCa0s]06JC00;] p-type TFTECs (41). They used the
temperature dependence of the annealing temperature to vary the oxygen coheent of t

films resulting in theexperimental results found able 1

Table 1: TFTEC Cooling Performance

Thermoelectric Thermoelectric
Growth AT max Omax
Author/Year Properties Properties
Method (°C)  (Wlcm?)
p-type n-type
Zou (27) Co- S=16QV/K S=-20QuV/K 15.5 at N/A
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/2002 evaporation p=3.12E°Qm p=1.29E°Q m 25
P=0.82 mW/K-m  P=3.10 mW/K-m

S=18QuV/k S=-178V/k
Bottner(28) Co- 48 at 100 at
p=1.30E°Q'm p=1.95E°Q m
/2001 sputtering 25 25°C
P=2.5mW/K-m P=1.57 mW/K-m

Electrochemi
Snyder(37) S=60-10@V/K 2.0 at
cal 7
/2001 ZT=0.01 80
Deposition

Seisb-re=21-71pVIk

Su-Kyum - -
Electrodepos Psi.sp-1e=0.12 mW/K-m
Lim et al(38)
ition Ssp-1e>250uV/k
/2009 - -
Psp.1=5.7 mW/Ke-m
Chemical
Chowdhury
vapor ZT>2 7.3 13,000
(39)/2009
deposition
Bulman et al S=51QV/K
Epitaxy 102 -
(40)/2009 ZT =0.73

J. Lybeck  Atomic layer Sicazco03)0.62[c0021113 and 12§V/Kk

(41) /2010 depOSItlon S[Ca2C003]0.62[C002]=0-11 and 0.14 mW/km

The above table demonstrates that the publications vary widely and

contain “Z” factors less than one. This is due to the difficulty in maintaining the

stoichiometry of bismuth telluride compounds (4).

40



2.5.3 Bulk Miniaturized Thermoelectric Coolers

Bulk miniaturized thermoelectric coolers benefit from the high “Z”dact bulk
bismuth telluride materials as well as a thinning process which reducelethie@ights.
This thinning, as described 3.2 Conventional Thermoelectric Cooler Cooling
Tends, produces significant improvements in the cooling potential of thermoelectric
coolers (TEC) (4).

Semenyuk at Thermion Inc. has done significant work on bulk miniaturized
thermoelectric coolers since the 1960s (4) (42). In 1967, he successfully thinnathbism
telluride legs from 1-2 mm to 18, and produced a net cooling of’@8and a cooling
heat flux of 95W/cri(4) (43). These results were limited by the materials of the 1960s
(z=1.8E3K™) as well as high electrical contact resistances (4) (43). In 1994 rableas
to improve these results using better thermoelectric materials (ZZX6"H4) (42) .

Then, in 2006, he improved the overall performance of the coolers by using even better
thermoelectric materials (Z=3.02°K™) to achieve 83% of cooling at 8%C (4) (44). A
summary of the improvements through the years accomplished by Semenyuk in bulk

miniaturized thermoelectrics have been placetable 2

Table 2: Semenyuk’s Bulk Miniaturized Thermoelectric Properties trends

Leg Height Omax

Year T AT max (OC)

(pm) (W/cm?)
1967

130 0.54 38Cat30C 95
(43)
1994

100 0.78 56C at 30C 100
(42)
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1997

200 0.78 67°C at 36C 65
(45)
2006 64.2C at 36C 110
130 0.90
(44) 83.5°C at 85C 132

Single crystal silicon has been the semiconductor material of choice figr ma
years, but has yet to be accepted as a conventional thermoelectriclrhatanese of its
high conductivity which produces a low “Z” factor. Moreover, the high Seebeck and low
resistivity provide a high Power factor, which hint at a possible advantage over
conventional thermoelectrics (Bulk miniaturized and TFTEC) (18). Zhang and Shakour

have developed p-type boron dopedd®™) silicon coolers (4) (17) shown Wigure

20.

Metal Lead
- : -
Buffer Layer - —4 Metal Lead
Single-
Crystal
Silicon g 100 microns

Figure 20: SEM photograph of silicon micro coolerg17)

The high level of doping, as discusse@if.1 Common Materials increases the
Seebeck coefficient without significantly increasing the resistiVibey experimentally
showed a maximum cooling of £@for a 4qum x 4Qum cooler at an optimized current

of 0.1A (4) (17). This produced a cooling heat flux of 580W/eh (17).
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2.5.4 Self Thermoelectric Cooler

Wang and Bar-Cohen were able to develop an analytical and numerical model of
Zhang and Shakouri's experiment (18). These models allowed a paramdirstsaarad
they were able to demonstrate a net cooling flux to 6,000%\fmna20umx20um

micro cooler and a doping of 2.5x10°cm™ (18).

Using the above work as a foundation, Wang and Bar-Cohen moved forward to

hotspot cooling using a self cooled device. It uses a silicon die as shéwuiia 21 and

Figure 22
heff
docrose e U] S
NS
g Silicon Chip

Background heating Hotspot Background heating

Figure 21: Side view of Silicon Self Cooler (19)

¥

Figure 22: Top view of Silicon Self cooler (19)

A numerical and analytical model was used to understand the cooling dependence on

geometrical parameters, doping concentrations, and contact resist)céiswas
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concluded that for a 78n X 70um hotspot area containing a 680 W/cm? heat flux

and a background heating of 70 W/cm? a hotspot cooling of 3°C is available at

the optimum parameters (19). More recently, Wang and Bar-Cohen were able to
demonstrate 4% for a similar configuration with a germanium self cooler (20). The
above results demonstrate great potential for hotspot cooling and create the foundation

for the presented work.

2.5.5 Summary of Thermoelectric Materials and Current Devices

Highly doped semiconductor materials serve as the best thermoelectrni@imnate
since they contain a high Seebeck, low electrical resistivity, and lowdherm
conductivity. This produces a high “Z” factor and “P” factor. Current thermaiect
coolers apt for hot spot remediation require a high net cooling flux that can be achieved
with short BpTes legs. Thin Film Thermoelectric Coolers (TFTEC) accomplish this by
growing the material. Several grow methods are co-evaporation (2 futtersg (28),
and electrochemical deposition (29) (30) among others. Bulk miniaturized coolers
accomplish small leg heights by thinning the bulKTBg legs. The last device of interest
consists of highly doping the device containing the hotspot for high P factor values and
produces high net cooling. This self cooled device creates the foundation for the

presented research.
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Chapter 3: Performance of Germanium Self Cooling
Device

Wang and Bar-Cohen previously simulated a germanium self cooling device to
determine its thermoelectric cooling potential to remedy hotspots (20). Thé isnode
adopted and the solution space expanded to determine the meta-model described in
Chapter 4: Germanium Self Cooling Meta Model This device uses the germanium die
itself as the thermoelectric material to eliminate hotspots. Moreowsssuimes a
constant current boundary condition at the Cooler electrode.

Practical electrodes that apply current never attain a constant curcartstant
voltage at their surface. In fact, they behave in a manner which is in betwetantons
voltage and constant current performances. Thus, the performance band of the self
cooling device can be predicted through the results comparison of the constant current
and the constant voltage device simulations. The details of the constant baueadry
conditions have been omitted since they demonstrate similar trends and traddaft®as
in this chapter. This chapter discusses the results from the constant vditagelsey
device and compares the two devices (constant current and constant voltage) to provide
the performance band.

The geometry, material properties, and the boundary conditions of the constant
voltage self cooling device are discusse8.ih Self Cooling Device The geometry and
material properties for the constant current and constant voltage selgodelices are
identical for equal comparison. The device consists of a square germaniumatie whi

uses its inherent thermoelectric characteristics to provide hotspot etioedi wo
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electrodes are placed on the top of die, with the peripheral electrode intended to provide
the electrical ground necessary for electron transport and the othed, tballCooler,

contains a constant voltage boundary condition. Because of the thermoelectric
phenomena discusseddrB Thermoelectric Cooler Net Effectsthe Cooler provides a
localized thermoelectric cooling effect capable of hotspot remediatditefeed by the

Cooler’s placement in the center of the die and above the hotspot. There also exists a
background heat flux surrounding the centered hotspot heat flux. The applied current, the
Cooler size and the die thickness are the parametric variables usednorgetbe

optimum germanium self cooling device.

The material properties are also discussed. It was previously foundobjlese
and Hull's, that the best suited germanium die for self cooling consists of & tdayed
n-type material with high Power factor (P49 (46) (20). This translates into an arsenic
doping concentration of 2.3x¥@m* (20) which provides a Seebeck coefficient of -467
uV/K (46) (20), an electrical resistivity of 532m (46) (20), and a thermal conductivity
of 60 W/m-K (20) (47).

The boundary conditions can be split up into two parts, non-thermoelectric, and
thermoelectric. The non-thermoelectric boundary conditions are identidhkefepnstant
current and constant voltage devices for equal comparison. The global cooling of the
device is accomplished through an effective heat transfer coefficienthavep of the
germanium layer. This value accounts for the heat transfer of a typitalihiesheat
spreader, and thermal interface materials (48) (49). The non-uniform heatieg at t
bottom of the silicon layer is accomplished through the hot spot heat flux and a

background heat flux.
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The top of the Cooler electrode contains a constant voltage boundary condition
which mandates a variable current translating into current and Reltieng/heating
calculations for each element. Moreover, the non-uniform current flow through the
germanium die produces non-uniform Joule heating. Thus, the thermoelectric boundary
conditions are automatically calculated by the high order thermal-el¢elecaent
SOLID227 which couples the thermal and electrical field through Joule Heatingeand t
Peltier Effect.

The cooling potential of the germanium constant voltage self cooler is discussed
in 3.2 Numerical Results The presented results demonstrate similar trends and tradeoffs
for both the constant current and voltage devices. Metrics were developed lhe rate t
device. The temperature reduction and hotspot cooling effectiveness are dlfwr tise
constant current self cooling device. The main metric developed for the constagévol
self cooler was the efficiency or thermal impact factor. It is defingdeakotspot
temperature reduction over the Power of the device.

The hotspot temperature reduction demonstrates a linear trend as the dieghicknes
decreases with the maximum cooling of °8 @t the 10@m die and 400m Cooler size
at 1.06A. The maximum hotspot cooling effectiveness of 0.81 occurs for then208
thickness with a 7Q0n Cooler size at 2.29A. Moreover, the efficiency, or thermal impact
factor strongly behaves like a decreasing “power trend,” and as such, rigathgisest
value within die thickness range tested ofC8V at the 100m die thickness.

The performance band of the self cooling device is predicted through the results
comparison of the constant current and the constant voltage self cooling devivesras s

in 3.3 Performance Band of Germanium Self Cooling Devic&he results are different
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for the self coolers because the different boundary conditions motivate ditfarest
density fields which in turn place the coolest temperature zones in diffecatibhs on
the Cooler electrode. The constant current self cooler places the coolestatme zone
in the center of the Cooler electrode where the constant voltage selfglacks the
coolest temperature on the Cooler electrode edge. Since the center hotspattteenizer
right below the center of the Cooler, the constant current self cooler provites bet
performance for all cases studied.

At the 10@um die, the constant current and voltage self coolers are able to achieve
maximum hotspot temperature reductions of°@.&nd -3.8C respectively. This
temperature reduction decreases (absolute value) linearly due to thedancrimesmal
resistance between the hotspot and the Cooler electrode. At tlma 8@®their
temperature reductions are -4@and -2.8C for the constant current and voltage self
coolers respectively.

The opposing effects of thermal and spreading resistance felt by vargidgeth
thickness create an optimum die thickness and are captured in the hotspot temperature
effectiveness metric. This metric determines the elimination of thegiexture rise due
to the introduction of the hotspot with values ranging from 1 (total elimination) to O (no
effect). The constant current self cooler does not provide such an optimum die thickness
within the range tested with values of 0.98 and 0.99 for therB@hd 50Q0m dies
respectively. The constant voltage self cooler is shown to provide an optimum of 0.81 at

the 20Qum die.
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3.1 Self Cooling Device

The geometry for the self cooling device with constant voltage conditions (i.e.
constant voltage self cooler) is adopted from the constant current self cooling tdevic
allow for an accurate comparison and is discuss@&dLiself Cooling Device The
geometry consists of a square n-type germanium die as the thermoetatérial for
hotspot remediation. The hotspot is located at the bottom and center of the square die.
This central location motivates the Cooler electrode to be placed directltheveotspot
and on the top of the die with the ground electrode on the top periphery of the die. This
allows localized cooling above the localized high heat flux zone. The die thickness as
well as cooler width are the geometric parametric variables thaewadllto the best
performing device discussed 32 Numerical Results

In 3.1.2 Material PropertiesGeballe and Hull's research is discussed to
determine the best performing material properties. It is concludedéhattype
germanium die material whose doping concentration provides the best Power factor
delivers the most hotspot cooling. The material contains a Seebeck coeffici4®T of
uV/K (46) (20), an electrical resistivity of 582m (46) (20), and a thermal conductivity
of 60 W/m-K (20) (47). These material properties are identical for the comstaant
and constant voltage devices for equal comparison.

The boundary conditions of the self cooling device, as sho®riLiB Boundary
Conditions and consist of non-thermoelectric and thermoelectric boundary conditions.
The non-thermoelectric boundary conditions are identical for the constant @mdent
constant voltage devices for equal comparison. The global cooling of the device is

accomplished through an effective heat transfer coefficient over the to@ gétmanium
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layer. This value accounts for the heat transfer of a typical heat sink, heatespeand

thermal interface materials (48) (49). The non-uniform heating at the botttha of

silicon layer is accomplished through the hot spot heat flux and a background heat flux.
The top of the Cooler electrode contains a constant voltage boundary condition

which mandates a variable current and translates into calculating thet emaen

corresponding Peltier cooling/heating for each element. Moreover, the nonaunif

current flow through the germanium die produces non-uniform Joule heating. Thus, the

thermoelectric boundary conditions are automatically calculated by the ligh or

thermal-electrical element SOLID227 which couples the thermal andiedéeld

through Joule Heating and the Peltier Effect.

3.1.1 Self Cooling Geometry

The germanium self cooling device with constant voltage boundary conditions
(i.e. constant voltage self cooler) is geometrically identical as the used for the

constant current device. The geometry has been shokigure 23,
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Figure 23: Germanium Self Cooling Device

As shown inFigure 23, there are two heat fluxes, hotspot and background, that allow the
study of non-uniform heating. The Cooler is placed above the hotspot and the background

heat flux surrounds the hotspot. This fact is better explained vidvignge 24.
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Figure 24: Germanium Self Cooling Device, Left is ©p View, Right is bottom heating map (not to

scale)

The die, Cooler, and hotspot are all square as shown by the above figure. Moreover, the
hotspot and Cooler are in the geometric center of the die. The dimensions of the device

are shown imable 3.

Table 3: Constant Voltage Germanium Self Cooling Dgce Dimensions

Label Dimension @am)
Die Width 12000
Hotspot Width 70
Ground Electrode Width 500
Die Thickness Parametric Variable
Cooler Size (square) Parametric Variable

Various die thickness are simulated, each with a Cooler size range stitiictetermine

optimum performance. Thus the parametric variables are the die thickness,Stzegle
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and current. The optimum performance is found through sequential parametric

optimization of the said variables.

3.1.2 Material Properties

Wang and Bar-Cohen studied Geballe and Hull's research who determined that
germanium’s thermoelectric properties were dependent on doping type andyibat n-t
germanium had superior performance over p-type (20) (46). Geballe and Hull found the

Seebeck and electrical resistivity dependence on arsenic doping concenitation

curves are shown iRigure 25(20) (46).
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Figure 25: N-type Germanium Electrical Resistivityand Seebeck as a function of arsenic doping

concentration (20) (46)
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As the doping concentration increases, the electrical resistivity desrgeeatly while
the absolute value of the Seebeck coefficient slightly decreases. WihBgiaCohen
calculated the Power factor (P%Sas shown in equaticd®20) using the above values

(20). This produces the curvekigure 26 (20).
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Figure 26: N-type Germanium Power factor as a fundbn of arsenic doping concentration (20)

As the doping concentration increases, the Power factor also increaseshdugréat
decrease in electrical resistivity overcoming the slight decraedbe iSeebeck

Coefficient. Wang and Bar-Cohen varied the doping concentration (and consequently the
Seebeck coefficient and electrical resistivity) for the same ggrand boundary

conditions explained in this chapter and were able to demonstrate a cooling dependence
on doping concentratiofrigure 27 shows the curve created by Wang and Bar-Cohen for

a 10um die and 600m micro cooler at optimized currents.
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Figure 27: Wang and Bar-Cohen’s Temperature reductia as a function of doping concentration (20)

Wang and Bar-Cohen demonstrated 8@ &f hotspot cooling at an arsenic doping of
2.3x10%m*(20). These results motivated this work to use the material properties that
provide the highest hotspot cooling as showhable 4.

Table 4: Germanium Self Cooling Device Material Prperties

Thermal Electrical Seebeck
Label Conductivity Resistivity Coefficient
(W/mk) (nQm) (nV/K)
Germanium Die (doping
60 (20) (47) 50 (20) (46)  -467(20) (46)

of 2.3x13%m™®)

3.1.3 Boundary Conditions

The germanium self cooling device with constant voltage boundary conditions
(i.e. constant voltage self cooler) contains both thermoelectric and non-thartmoele

boundary conditions. The locations of these boundary conditions are shbignria 28.
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The non-thermoelectric boundary conditions are identical for the constanttcamce

constant voltage devices.

\ heffective /
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Figure 28: Constant Voltage Germanium Self Coolingevice Boundary Condition Locations

The values of the non-thermoelectric boundary conditions are displayadlm 5.

Table 5: Non-Thermoelectric Boundary Conditions

Value
Neftective 8741 (W/I’T%-K), Tambien:250C
Hotspot Heat flux 680 W/cnt
Background Heat flux 70 W/cnt

The heating map iRigure 24 shows the centered hotspot surrounded by the background
heat flux. The effective heat transfer coefficienk{kive accounts for the thermal
interface, heat spreader, and air-cooled heat sink used to provide global coolieg for t
die (20).
3.1.3.1Thermoelectric Boundary Conditions under Constant Current Operation

The thermoelectric phenomenon is discussed in detailliMain
Thermoelectric Effects. This phenomenon requires the coupling between thermal and

electrical effects. Peltier cooling and heating have been accounteddquatior3-2
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and3-3.This is appropriate since these effects occur because of electron transysst ac
surface interfaces and the simulation assumes a constant current between the
electrode/die interface.

The parasitic effects are not accounted for by the boundary conditions. The
Fourier effect is automatically accounted for by the numerical thermodel. The Joule
heating effect demonstrates a non-uniform behavior following the non-uniform flow of
current as shown biyigure 28 Thus, it is necessary to use a numerical model that
couples the thermal and electrical effects with Joule heating. This modehas&NSYS
low order SOLID 69 element that is validateddr8 Thermal-Electrical Model with
Joule Heating The validation test shows no discrepancy between the numerical and
analytical solution. Thus there is much confidence in using this coupled model.

The Peltier cooling occurs at the Cooler/ germanium interface and is teckgen
equation3-1(20).

Qpettier Cooling = Smetar — Se)Tcl = =SeTcl 31
where:

. V
S = seebeck coef ficient (E)
T, = absolute temperature of cold Juction (K) = 373.15K
I = current(A)
It is assumed that the temperature of the cold junction remained constant evése with t
application of current. This is a suitable assumption because the centerateneper
reduction reported is less than 10K. As described before, the Seebeck coeffithent
metal is negligible when compared to that of the n-type germanium die. Afcontac

resistance is imposed on the same surface with a value of £xa6v (20). This

negligible value allows the study of the potential of the germanium selhgai#vice
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(20). In order to impose a heat flux, the addition of equaitrand the contact
resistance is divided by the Cooler area. This produces eq@a2(20).

_SGTCI + Rclz 3-2

~
~

dpeitier Cooling Heat flux A
Cooler

where:

Acooler = area of the micro cooler(m?)

R. = Contact resistance()

The Peltier heat flux is found in a similar fashion with the absolute temperatine fodt

junction equal to that of the cold junction. This is shown in 3-3.

STyl + RoI? 3-3

Qpeitier Heat flux ~ A
Electrode

where:
Agiectroae = ground electrode area (m?)
3.1.3.2Thermoelectric Boundary Conditions under Constant Voltage Operation
It is common to apply a Peltier cooling and heating heat flux at the appropriate
surfaces if the current across the surface is constant. Wang and Bar-Gaghémaugact
to determine constant Peltier cooling and heating at the appropriate surfeafesence
(20).
These equations cannot be used to produce the results for the constant voltage self
cooling device because the constant voltage boundary condition at the top of the Cooler

electrode mandates a variable current. This is eviddfigure 29 where the current

around the periphery of the Cooler electrode is greater than the center.
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Figure 29: Typical Quarter Current plot of Constant Voltage Self Cooler, Zoomed view of Cooler on
right

This variable current across the Cooler/germanium interface tresgiad calculating

the current and corresponding Peltier cooling/heating for each element.

Moreover, the non-uniform current flow through the germanium die produces
non-uniform Joule heating. Thus, the numerical simulation must solve for the thermal and
electrical fields with Joule heating and the Peltier effect couplingmbeThis coupling
is available through the ANSYS high order SOLID 227 element validatédin
Thermal-Electrical Model with Joule Heating and the Peltier Effect. The validation
test shows less than 1% error for Power and less than 2.5 % (absolute value) between the
numerical and analytical solutions. Thus there is much confidence in using thisdcouple

numerical simulation to provide accurate results.

3.2 Numerical Results under Constant Voltage Operation

The cooling potential of the germanium self cooling device with constant voltage
boundary condition (i.e. constant voltage self cooler) is determined. The trends and
tradeoffs discussed here are similar to the constant current device. Tics oesd to

rate the device are discusse®i.1 Cooling Metrics These metrics discuss the
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temperature reduction due to the constant voltage application at the Cooledeléat
the center hotspot and Cooler temperatures. The hotspot cooling effectivelsass is a
discussed which determines the ratio of the temperature change due toiappicat
current to the Cooler over the temperature rise due to the hotspot. The efficiency, or
thermal impact factor, is determined by the hotspot temperature reductiaheWRower
of the device.

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. As sh@uh2n
Mesh Convergencethe high order thermal-electrical element SOLID227 with element
counts ranging from 20k to almost 100k was used to generate the results for tAetconst
voltage self cooler.

For all the geometries simulated, a common temperature distribution was
generated and discussedi.3Typical Temperature Distributions. For each specific
case tested, there exists a temperature profile with two inflectiors@voind the center
of the hotspot. This fact along with the symmetric temperature profile leads to t
concentric rings with the inner-most consisting of slightly lower tenpess and the
outer-most consisting of slightly higher temperatures.

The center hotspot temperature demonstrates a quadratic temperaturerreduct
due to the tradeoff between the Peltier and Joule Heating effect. This altpvesiratic
trend fitting to the temperature curves to determine the minimum temperaxiejum
temperature reduction, the corresponding current value, and the Power of the constant

voltage device.
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Various Cooler sizes were run for each die thickness. In general, the tamgerat
reduction for each die thickness demonstrates a tradeoff between the tlesistahce
between the Cooler and hotspot and the thermoelectric cooling effect at the Tloeler
hotspot cooling effectiveness trend shows a similar (yet negative) trend whparedm
to the hotspot temperature reduction trend. Thus their optimums occur at the same Cooler
size and current.

The above translates into an optimum Cooler size for each die thickness as shown
in 3.2.6 Function of Die thicknessThe hotspot temperature reduction demonstrates a
linear trend with the maximum cooling of -3®at the 10Am die and 400m Cooler
size at 1.06A. The maximum hotspot cooling effectiveness of 0.8 occurs for fia 200
die thickness with a 7@@®n Cooler size at 2.29A. Moreover, the efficiency, or thermal
impact factor strongly behaves like a decreasing “power trend,” andlagsaches its
highest value within die thickness range tested 8CA¥ at the 10Am die thickness. It
is interesting to note that the Power and thermal impact factor demornisérgente
strong behavior (quadratic for Power and “power trend” for thermal impaot)ast a

function of current, Cooler Width and die thickness.

3.2.1 Cooling Metrics

In order to determine the cooling potential of the germanium self cooler with
constant voltage boundary conditions (i.e. constant voltage self cooler), thesretric
Peng and Bar-Cohen in reference (2 adopted. These include the center hotspot and
cooler temperature reductions and the hotspot cooling effectiveness. Thesg wert

outputted for the constant current and voltage devices.
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The first metric determines the temperature reduction at the center hatdpot a
Cooler locations due to the application of current. These metrics are shoguatior
3-4(20).

AThotspot = T@hotspot,cooter on — T@hotspot,cooler of f 3-4
AT¢ooter = T@cooter,cooter on — T@coolert,cooler of f

These metrics follow the cooling trends explained.BxThermoelectric Cooler Net
Effects. At small current values, the temperature at both locations reduces lineatty due
the Peltier effect. This produces a negatiVg@osportaNdATcooler At larger currents, the
Peltier effect is balanced by Joule heating, ANghtspotaNdATcoolerreach an optimum
(minimum) value. Currents larger than this point produce larger (absolute X@hsgpot
andATcooervalues. Thus the typical operational point for the germanium self cooling
device involves applying the current that produces the maximium

The other metric determines the hotspot cooling effectiveness due to the
application of current to the Cooler. More specifically, it is the ratio of thpeesture
change due to application of current to the Cooler over the temperature rise due to the

hotspot. This ratio is defined in equati®® (20).

THotspot on,Cooler of f — THotspot on,Cooler on 3-5

* —
ATHotspot - T —-T
Hotspot on ,Cooler of f Hotspot of f ,Cogler off

The metric typically ranges from zero to one Mt hospor1, the temperature increase

due to the hotspot is completely removedAZthotspoFO, the device is incapable of
removing that temperature. At values between 1land 0, the device demonstraiks parti
removal of the hotspot temperature. Values larger than one demonstrateeaiusvie
capable of providing temperatures lower than the no hotspot case. Negative values occ

when operating in the Joule heating dominate region (large currents) where the
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temperature of the hotspot with the Cooler activated is larger than when tlee Somit
activated.

The efficiency of the constant voltage self cooling device is of important to
thermal engineer2.4.1 Power and Coefficient of Performance (COHprmulates the
coefficient of performance for conventional (leg) thermoelectric coolé&€Y.
Unfortunately, the non-uniform Joule heating cannot be calculated through the bulk
formulation in equatio2-13and2-14 Thus, the Power and efficiency must be calculated
in another manner.

This problem is solved in the simulation validate€id Thermal-Electrical
Model with Joule Heating and the Peltier Effect The Power can be found by finding
the voltage at the top Cooler surface (contains the constant voltage condition) and
multiplying it by the applied current as shown by equaBdh The Power and thermal
impact factor metrics are not calculated for the constant current dewiestlse voltage
is not easily found.

Power = Viyorer] 3-6

The efficiency of the device cannot be calculated through a coefficientfofrpance

since the net cooling flux equation (equatibh4) uses the bulk Joule heating

formulation. However, efficiency is generally defined by the desired odipidied by

the required input (25). For the presented case, the desired output is the center hotspot
temperature reduction and the required input is the Power. This metric dstballe

Thermal Impact Factor (TIF) and is defined in equaBen(19).

ATHotspot 3-7

TIF =
Power
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3.2.2 Mesh Convergence

The germanium self cooling device with constant voltage boundary conditions
(i.e. constant voltage self cooler), is numerically simulated using the highAd\W&¢S
SOLID227 thermal-electrical element that contains Joule heating aneéltiez Bffect
couplings. This model has been validate@€ia Thermal-Electrical Model with Joule
Heating and the Peltier Effect The validation test shows less than 1% error for Power
and less than 2.5 % (absolute value) between the numerical and analytical stutions
net cooling. This provides much confidence in the outputted results for the constant
voltage self cooler.

The symmetric boundary conditions and geometry create a symmetric
temperature and current distribution. Thus, a quarter model was simulated to gevide
results in3.2 Numerical Resultsbecause quarter models can accomplish the same
relative precision that a full model provides with a quarter of the elementsoWéoy¢his
reduction in element count translates into less computational time.

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. This is aciuedpli
through the increase of the element count while the pertinent temperaturesaded.

For the work in this chapter, converged meshes contain element counts from around 20k

to almost 100k brick elements. This brick element shape is showgure 30 (50).
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Figure 30: High Order Brick Element Shape Used foiConstant Voltage Self Cooler
The meshes contain a high element density near the hotspot and Cooler regions
since they contain the highest heat fluxes of the device. A sample mesh plot is shown in

Figure 31
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Figure 31: Typical Mesh plot of Constant Voltage Sé€Cooler, Zoomed view of Cooler on right

The pertinent temperatures to this study are the center hotspot and center Cooler
temperature. These trends for the center hotspot and Cooler temperaturesessehe el
count increases are shownFigure 32 andFigure 33 for the 10@m die, 40@um Cooler,

and 1.05 amp case.
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Figure 32: Hotspot Temperature Mesh convergence fotOQum Die, 40um Cooler, and 1=1.05A
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Cooler Temperature Mesh Convergece
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Figure 33: Cooler Temperature Mesh convergence fatOOum Die, 40@im Cooler, and 1=1.05A

The temperatures vary less than 6@bver the element range tested which provides
confidence to pick the circled high order (SOLID227) element count for the constant
voltage self cooler. This point is chosen because it provides a balance betaten rel

accuracy and computational time. The run times for the above simulations are shown in

Figure 131
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4:48:00
3:36:00
Q)
€ 2:24:00
g
o 1:12:00
=
" 0:00:00
0 20 40 60 80 100

Element Count Thousands

Figure 34: Mesh convergence Time for 1Qm Die, 40@um Cooler, and 1=1.05A

These trends for Power as the element count increases are shigurenl127for the

100um die, 40@m Cooler, and 1.05 amp case.
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Figure 35: Power Convergence for 1Qém Die, 40um Cooler, and 1=1.05A

3.2.3 Typical Temperature Distributions

The temperature distribution along the bottom of the germanium die is shown in
Figure 36 for the 10@um die and 400m Cooler case. These temperature distributions are
through the center of the die and consequently the temperatures at position #exo are
center hotspot temperatures used for the metrics discussed in earlieissd¢teon
constant voltage device is simulated using a quarter model since the geometry and
boundary conditions are symmetric. Thus, the negative positioned temperatures are

mirrored from their positive counterparts to provide the entire temperattnbwtisn.
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Typical Temperature Distributions
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Figure 36: Constant Voltage Self Cooler, Temperatw Along the bottom of the die, for the 100m

Die and 40@m Cooler (Quarter model)

As shown above, the activation of the hotspot increases the peak temperature of the
device by about® reaching about 111°G. The application of 0.5A to the Cooler
reduces the middle hotspot temperature arourff€C2Furthermore, the application of
1.05A and 1.7A reduces the temperaturé@&nd 2.8C respectively hinting at the
guadratic behavior of thermoelectric cooling.

It is interesting to note that the application of current to the germanium self
cooling device produces a complicated temperature profile around the center hotspot
temperature just as the constant current self cooling device. There andléaiion
points in the temperature profile around the center of the hotspot. This fact albriewit

symmetric temperature profile leads to two concentric rings witmtierimost
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consisting of slightly lower temperatures and the outer-most consistinglafyshigher

temperatures.

3.2.4 Function of Current

Temperature reductions due to the application of current to the germanium self
cooling device with constant voltage boundary conditions (i.e. constant voltage self
cooler) demonstrate a quadratic behavior as discus&e8 Trhermoelectric Cooler Net
Effects. At “low” current values the temperature decreases linearly due to tier Pelt
effect. At “large” currents the temperature increases due to Joule hddirsy.there is a
current value that balances the Peltier effect and Joule heating which prilnadewest
temperature. This point is exemplified using the numerical results from tienldl@

and 40@m Cooler case shown Figure 37.

Temperature
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— R?=0.999977141

104

103
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Current (A)

Figure 37: Constant Voltage Self Cooler, Hotspot ahCooler Temperature for 10Qum Die and

400um Cooler

The coefficient of determination {Rfor the hotspot and Cooler temperatures signify that

the curves show a strong quadratic behavior. This is true for all cases studied
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The trend equation allows the determination of the minimum temperature as well
as the current that induces the effect. This is accomplished through a simpleatpimi
procedure starting with the general equation of a quadratic curve as shown ionequat
3-8
T(I)=al?>+ bl +c 3-8
where:

T = temeprature ( °C or K)

I = current (A)

Figure 37 shows the coefficients “a”, “b,” and “c” are determined by curve fittiey t
hotspot or Cooler temperature curve. Then, the above equation is differentiated and set

equal to zero to find the minimum temperature current. This value is sh@® in

—b
Inin Temp — Iyr = E 3-9

The above current is subsequently placed back into equ&a8ada find the minimum

temperature. This equation is showr8i0.

Tminimum = T(IMT)IV_Iin = alyr® + bIMT +c _ 3-10
The maximum cooling temperature is found by subtracting equadidfrom the

temperature at zero current. This produces equatibh
ATwaximum = AT (nc)max = aluc” + blyc 3-11

The Power required to operate the constant voltage self cooling device is also of
interest. The Power metric is found by taking the voltage at the top Cookeresurf
(contains the constant voltage condition) and multiplying it by the applied cagent
shown by equation.
Power = Veyoter]
The results from the prescribed procedure are exemplified using the b€ and

400um Cooler case shown Figure 38.
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Figure 38: Constant Voltage Self Cooler, Power fotO0um Die and 40Gum Cooler

Figure 38 shows the coefficients g “bp,” and “g-" are determined by curve fitting the
Power curve. Then, the minimum temperature current value (eq@aipis substituted
into Power trend fit. This produces equatBt2which calculates the Power at the

minimum temperature and correspondingly the maximum hotspot temperaturgreduc

PoweTAtTmin = P(IMT) = aPIMTZ + bPIMT + Cp 3-12
The above procedure has many benefits over the practice of blinding applying

current values in the search of the maximum cooling and corresponding current.
These fully defined quadratic curves only require three current valueb wanslates
into a significant computational time savings. Moreover, using the above procedure
delivers a more exact maximum cooling, maximum cooling current, and maximum
cooling Power than blinding searching for them. Thus, this procedure is used to optimize
the constant voltage self cooler as a function of current.

The thermal impact factor determines the efficiency or the hotsppetatare
reduction divided by the required Power input to the device. The results from this
division are exemplified using the 0@ die and 400m Cooler case shown Figure

39.
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Thermal Impact Factor
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Figure 39: Constant Voltage Self Cooler, Thermal Impact Factor for 10Qum Die and 40gum Cooler

As the current approaches zero, the denominator of equati@pproaches zero, and
consequently, the thermal impact factor approaches infinity. As the currezdses, the
thermal impact factor decreases rapidly closely following a “powarttion with a
negative exponent. Moreover, if the current reaches a value which brings the constant
voltage cooling device into the Joule heating dominated region, the temperéitoee w

higher than the temperature at zero current, making equgiaregative.

3.2.5 Function of Cooler Size

The potential of the germanium self cooling device with constant voltage
boundary conditions (i.e. constant voltage self cooler) is found by varying the current,
Cooler size, and die thickness sequentially. For the constant voltage device the
temperature reduction, cooling effectiveness, power, and thermal impactiece
recorded for all cases.
3.2.5.1Temperature Reduction and Hotspot Cooling Effectiveness

For each die thickness, Cooler sizes are varied until the largest taimperat
reduction is reached. For the 100 thick die case, the hotspot and Cooler temperature

reduction is shown irigure 40andFigure 41respectively.
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Figure 40: Constant Voltage Self Cooler, Hotspot Traperature Reduction for 10(um die
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Figure 41: Constant Voltage Self Cooler, Cooler Teperature Reduction for 10Qum die

As the Cooler size increases from §60to 60Qum, the maximum hotspot
temperature reduction increases (absolute value) frofG-803-3.9C. However larger
Cooler sizes than 4pén demonstrate a decrease (absolute value) in the hotspot
temperature reduction. Cooler temperature reductions increase as theszeole
increases. This trend is due to the tradeoff between the thermoelectric cfelthgqred
the thermal diffusion between the hotspot and Cooler (20). At small Cooler bzes, t
thermoelectric cooling effect is large, and translates into a lasgeeCtemperature
reduction (20). However, the thermal resistance at this Cooler siisoitarge, and
consequently, the hotspot temperature reduction is non-optimal (20). At very large cool
widths, the thermoelectric cooling effect is small and the thermalaesesis small.
These two effects translate into a small hotspot and Cooler temperaturére 2@}
Between these extremes, there exists a balance between the opposiagleftalelivers

the maximum hotspot cooling reduction. The Cooler size at which this occurs for the
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10Qum die is 40@m. This optimal Cooler size is easily seen in blackigure 42 that

graphs the maximum hotspot and Cooler temperature reductions for each Cooler size.

Maximum AT potspot and AT coojer

== Cooling at Hotspot

Cooling at Cooler

Temperature Reduction
(°C)
e
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Cooler Size fum)

Figure 42: Constant Voltage Self Cooler, Maximum Tmperature Reductions for each Cooler Width
for 100um die

Also, the maximum hotspot and Cooler temperature reductions for each die thickness
approach each other at large Cooler sizes.

The hotspot temperature effectiveness is another cooling metric of infesest
shown by equatio3-5, this metric is equal to the negative of the hotspot temperature
reduction over the difference between the hotspot on and cooler off case from the hotspot
off and cooler off case. The denominator changes insignificantly as a functtoa of
Cooler size, and consequently, the hotspot temperature effectiveness densoastrate
similar, but negative, behavior to the hotspot temperature reduction curve. Dextirognstr
this trend, the hotspot cooling effectiveness is showsigare 43 and contains a

maximum value of almost 0.77 at a 4@® cooler width.
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Figure 43: Constant Voltage Self Cooler, Hotspot Galing Effectiveness for 10@m die

As a consequence of the hotspot cooling effectiveness sharing the same #t@ape at

hotspot temperature reduction curve, their optimum occur at the same Cooler size of

400um which is shown in black iRigure 42 andFigure 43.

3.2.5.2Power and Thermal Impact Factor

The power and thermal impact factor for the device at the maximum teopera

reduction for each cooler width was recorded. For theutOthick die case, the Power

and the thermal impact factor for each Cooler size at maximum tempeedtuotion is

shown inFigure 44 andFigure 45respectively.
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Figure 44: Constant Voltage Self Cooler, Power at Biximum Hotspot Temperature Reduction for

100um die
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Figure 45: Constant Voltage Self Cooler, Thermal Irpact Factor at Maximum Hotspot Temperature

Reduction for 10Qum die

It is interesting to note that Power is strongly quadratic as a functianreht (as
shown inFigure 38) as well as a function of Cooler size (as showhigure 44). The
thermal impact factor also demonstrates strong a “power” trend as a fuoctiorrent

(Figure 39) and Cooler sizeHgure 45).

3.2.6 Function of Die thickness

Using a sequential parametric optimization technique, the current and Coeler siz
is optimized for one die thickness at a time. Displaying the metrics asteofuotdie
thickness for the germanium self cooling device with constant voltage boundary
conditions (i.e. constant voltage self cooler) demonstrates the potential of thes ttevic
also allows the determination of the performance band of the germanium self cooling
device.
3.2.6.1Temperature Reductions

The maximum hotspot and Cooler temperature reductions as a function of Cooler

size for each die thickness are showkigure 46andFigure 47 respectively.
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Figure 46: Constant Voltage Self Cooler, Hotspot Traperature Reduction
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Figure 47: Constant Voltage Self Cooler, Cooler Teperature Reduction

The interplay between the thermoelectric cooling effect and the thersistiance
between the Cooler and hotspot motivate the results shown above. It is interesting to note
that the optimum hotspot temperature reduction ratio of Cooler size to die tisicknes
shown to about 3:1 for the die thickness range ofitOtd 50Qum.
Figure 48is produced when the maximum hotspot temperature reductions for

each die are plotted together.
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Figure 48: Constant Voltage Self Cooler, Maximum Htspot Temperature Reduction

The maximum hotspot temperature reduction demonstrates a strong lindaadithe die
thickness decreases for die thickness less thaund00Dhese results arise from the
decrease in thermal resistance between the Cooler and the hotspot ashibkraies
decreases. The largest (absolute value) hotspot temperature reducieshistacbund -
3.9°C at the 10Am die thickness.

The linear trend shown iRigure 48 does not represent the trend over all die
thicknesses since; its foreshadowing to larger die thicknesses demorstrates
thermoelectrically induced hotspot temperature increase when comparedéoathe
current case. Instead, the hotspot temperature reduction asymptoticadlgcy®s zero
as the Peltier effect reaching the hotspot is dominated by the parasiéthéatihg
effect. The asymptotic behavior is due to the search for the lowest thermoallgctr
induced hotspot temperature. At small (from L1®0o 50Qm) die thicknesses, this
search provides the linear die thickness trend showigiire 48. At very large die
thicknesses, the current applied to the Cooler electrode provides only hotspot tigr@pera
increases. This effectively provides zero hotspot temperature redutticm eveases the

“y=0" line. These two curves generate the asymptotic behavior shokrgure 50
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Figure 49: Constant Voltage Self Cooler, Maximum Htspot Temperature Reduction over large die

thickness range

In Figure 50the exponential trend agrees over the entire die thickness range
tested with a coefficient of determinatior’Rreater than 0.99. However, caution should
be employed when using the exponential trend for very small die thicknessethsirec
is a hotspot temperature reduction discrepancy of almd'€ 6&ween the exponential
trend and the numerical data. Thus, for very small die thicknesses, the kmelbshown
in Figure 48 should be used.
3.2.6.2Hotspot Cooling Effectiveness

The hotspot cooling effectiveness is also of interest to the presented work since it
represents the hotspot remediation due to the application of current to the Eigoier.

50 demonstrates the curves for simulated die thicknesses.

78



AT*Hotspot 100 D
- um Die

0.8 m ) —4=—150um Die
0.7 e 200um Die
0.6 —250um Die
g:z =3#=300um Die
0.3 400um Die

500um Die

Hotspot Cooling Effectiveness

P ko
0 500 1000 1500 2000
Cooler Width (pm)

Figure 50: Constant Voltage Self Cooler, Hotspot Galing Effectiveness

The hotspot cooling effectiveness metric is equal to the negative of the hotspot
temperature reduction over the difference between the hotspot on and coolee off cas
from the hotspot off and cooler off case. The denominator changes insignifasatly
function of the Cooler size, and consequently, the hotspot temperature effestivenes
demonstrates a similar, but negative, behavior to the hotspot temperature redueéon cur
And as such, the hotspot cooling effectiveness reaches its maximum value foreeach di
thickness at the same Cooler size as the hotspot temperature reduction metric

Figure 51is produced when the maximum hotspot cooling effectiveness for each

die is plotted together.
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Figure 51: Constant Voltage Self Cooler, Maximum Htspot Cooling effectiveness
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Smaller die thicknesses translate into larger (absolute value) hotspotdaemger
reductions since the thermal resistance between the Cooler and hotspot reduces.
However, smaller die thicknesses also contain an elevated hotspot temperatare due t
their poor spreading ability (20). Thus, there exists an optimum die thickness that
balances the opposing effects of heat spreading and temperature re@@tidimié
optimum was seen at the 200 thick die with a value of 0.81.

As the die thickness increases from 200 the hotspot cooling effectiveness
asymptotically approaches zero since the hotspot temperature redudiap@isaches
zero. This large die thickness trend is showRigure 54
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Figure 52: Constant Voltage Self Cooler, Maximum Htspot Cooling effectiveness

3.2.6.3Power and Thermal Impact Factor

The Power required to run the constant voltage self cooler was defined in
equation3-6 as the applied current multiplied by the voltage which is held constant at the
top Cooler electrode surface. The thermal impact factor is understood &sianasf
metric as defined in equati@7 since it determines the hotspot temperature reduction
per watt. The Power and thermal impact for each die thickness as a functionef Cool

size are shown iRigure 53 andFigure 54 respectively.
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Figure 53: Constant Voltage Self Cooler, Power

2000

=#—100um
=¢—150um
200um
=6=250um
=3ie=300pum
400pum
500um

Die
Die
Die
Die
Die
Die
Die

Interestingly, the Power seems to linearly increase as the Cooldr Wedtases.

Thermal Impact Factor

35
30
25
20
15
10

5 e o o
b s __“ T
iR 7%

Thermal Impact Factor (°C/W)

0 500 1000 1500
Cooler Width (pm)

2000

== 100 um

Die

==¢=150 um Die

200 pm
=250 um
==e=300 um

400 um

500 pm

Figure 54: Constant Voltage Self Cooler, Thermal Irpact Factor
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The thermal impact factor demonstrates its typical “power factantitegpproaching

infinity as the Cooler size approaches zero. As the Cooler size irgrdae is a large

decrease in the thermal impact factor, but a small decrease as thektieshiocreases.

Moreover, at large Cooler sizes, there is little difference betweatidtibicknesses.

Thus, the largest thermal impact factors, and consequently the largest testgperiature

reductions per watt are seen at small Cooler sizes and thin dies. This poiriteeis fur

demonstrated by viewing the thermal impact factor at maximum hotspot sgorper

reductions as a function of die thicknes§igure 56
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Figure 55 andFigure 56 respectively plot the Power and thermal impact factor at

the maximum hotspot temperature reduction for each die thickness.
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Figure 55: Constant Voltage Self Cooler, Power at BIXimum AT pgispot
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Figure 56: Constant Voltage Self Cooler, Thermal Irpact Factor at Maximum AT yospot

The Power reaches 0.3W at the 1@0die thickness and quadraticly increases to 14W at
the 50@um die thickness. The thermal impact factor demonstrates a strong degreasi
“power trend” with 18C/W at the 10@m die thickness and 2G/W at the500m die
thickness. This decreasing trend demonstrates that the constant voltagelself ¢
device provides higher temperature reductions per watt at lower die thicknesse

It is interesting to note that Power is strongly quadratic as a functianreht (as

shown inFigure 38), as a function of Cooler size (as showirigure 44) and as a
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function of die thickness as shown above. The thermal impact factor also demsnstrate
strong a “power factor” trend as a function of curréngre 39), as a function of Cooler

size Figure 45), and as a function of die thickness as shown above.

3.3 Performance Band of Germanium Self Cooling Device

Practical electrodes that apply current never attain a constant curartstant
voltage at their surface. In fact, they behave in a manner which is in betwetantons
voltage and constant current performances. Thus, the performance band of the self
cooling device can be predicted through the results comparison of the constant current
and the constant voltage boundary simulations. The results of the constant current self
cooling device have been omitted since their general trends and tradeoffsikaretgi
the constant voltage device and they are discussed in detail in referen8e2(20).
Numerical Resultsdiscusses the results from the constant voltage boundary condition.
This section compares the two results to provide the performance band of the germanium
self cooling device.

The different boundary conditions previously shown in this work motivate
different electric potential (i.e. voltage) fields and different curdemisity fields which in
turn provide slightly different temperature profiles and ultimately theopmdnce band.

The electric potential fields for the self coolers are showsigare 57 andFigure 58for
the top view. It is important to note that the constant current self cooler wasatgidhul
with a full geometry and the constant voltage self cooler was simulated wititerqua
geometry. They are also operating at their maximum hotspot remediateongtars with

the hotspot turned off as described by their captions.
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Figure 57: Hotspot off, Constant Current Self Coole Electric Potential Plot, 20Qum die 63Gum wide

Cooler and 1.06A

NODAL SOLUTION

Constal Vol elf

Figure 58: Hotspot off, Constant Voltage Self Coote Electric Potential Plot, 10Qum die 40Qum wide

Cooler and 1.05A

Due to the boundary condition application, the constant current cooler does not maintain
a constant voltage at the Cooler where the constant voltage cooler does. Boreghe s
operating conditions, the current density is displaydelgare 59 andFigure 60 for the

top view (left) and the side view (right).
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Figure 59: Hotspot off, Constant Current Self Coole, Current Density Vector Sum Plot, 10um die

630um wide Cooler and 1.06A
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Figu 60: Hotspot off, Constant Voltage Self Coote Current Density Vector Sum Plot, 10@m die
400um wide Cooler and 1.05A

The constant current self cooler shows an even current density in the €lectsrde.
The constant voltage self cooler shows its maximum at the Cooler electroges and
quickly decreases from that value towards the center. Moreover, the cunieity de
within the Cooler electrode is much less than that of the constant current self coole
The Peltier effect occurs when current crosses surface interfadescabed by

2.2 A Detailed analysis of the Peltier EffectThe different current density profiles
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motivate different low temperature zones as showhigyre 61 andFigure 62 It is

important to note that the hotspot is off for these plots.

Minimum Temperature

Figure 61: Hotspot off, Constant Current Self Coole Temperature Plot, 10um die 63Qum wide

Cooler and 1.06A

NODAL SOLUTION

Minimum Temperature

Figure 62: Hotspot off, Constant Voltage Self Coote Temperature Plot, 10Qum die 40Gum wide

Cooler and 1.05A

The minimum temperature for the constant current self cooler occurs at the Coole
electrode center placing it right above the center of the hotspot. The consiag: selif

cooler creates a minimum temperature at the corners of the Coolerddedtings

position places the coolest zone farther away from the hotspot, and as such dessonstrat

significantly less hotspot temperature reductions for all cases comkidéis is evident

in the minimum hotspot temperature band showriguire 63.
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Figure 63: Minimum Hotspot Temperature Band

At the 10Qum die, the constant current and voltage self coolers are able to achieve
minimum hotspot temperatures of 10&€%nd 107.4C respectively. This temperature
increases linearly as the die thickness increases iarb@0e to the increase of thermal
resistance between the Cooler electrode and the hotspot. At tiva 8i®their
temperatures are 1170 and 112.2C for the constant current and voltage self coolers

respectively. This linear trend is also evident for the maximum temperatiuetion

shown inFigure 64.
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Figure 64: Maximum Hotspot Temperature Reduction Bad

At the 10@um die, the constant current and voltage self coolers are able to achieve

maximum hotspot temperature reductions of°@.&nd -3.8C respectively. This
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temperature reduction decreases (absolute value) linearly as thekiressiincreases to
500um where their temperature reductions are °@.and -2.8C.

The hotspot cooling effectiveness determines the ability of the self ctmlers
remove the temperature rise induced by the introduction of the hotspot. Typical values
range from “1” to “0” where “1”describes a device that is able to completetove the
temperature rise and a value of “0” describes a device that is unable to remove the

temperature rise. The hotspot cooling effectiveness band is shéuguie 65.
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Figure 65: Maximum Hotspot Cooling Effectiveness Bad

As described before, the increase in die thickness decreases the maxinponh hots
temperature reductiofrigure 64). However, the increase in die thickness decreases the
spreading resistance resulting in a smaller temperature rise dheeindroduction of the
hotspot (20). These two effects compete with each other, ultimately providing an
optimum die thickness (20). The constant current self cooler does not provide such an
optimum die thickness within the range tested with values of 0.98 and 0.99 for time 300
and 50@m dies respectively. The constant voltage self cooler is shown to provide an
optimum of 0.81 hotspot temperature effectiveness at then2@e. It is interesting to

note that the constant current self cooler provides larger values than ttentuokage

self cooler throughout the die thickness range.
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The placement of the coolest zone for the constant voltage self cooler at the
Cooler electrode edge produces less maximum hotspot temperature rexinetrothe
constant current self cooler. It also produces smaller maximum hotspot aéumger

reduction Cooler sizes. This is evidenFigure 66.

Maximum Hotspot Temperature Reduction Cooler Size Band
4000
3500 M Constant Current y=7.175x - 134.17
3000 ¢ Constant Voltage R2=10.996
2500
2000
1500

1000
500 y = 2.8683x + 107.19
0 R2 =0.9927

Cooler Size fum)

0 100 200 300 400 500
Die Thickness fum)

Figure 66: Cooler Width Band at Maximum Hotspot Temperature Reduction

The constant current self cooler shows larger Cooler sizes for the die Hucknge
studied with a 230m difference at the 1@@n die and 2000m at the 500m die. The
difference between the optimum Cooler sizes decreases as thekhiesbidecreases. It
is interesting to note that the Cooler size ratio for the constant current arge\ssth

coolers are about 7:1 and 3:1 respectively.
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Chapter 4: Germanium Self Cooling Meta Model

A meta-model of the germanium constant current self cooling is developed from
the numerical results. These results are omitted because their trends arftstemde
similar to the constant voltage device. The meta-model is a tool that detethene
potential of the germanium self cooling technology. It is a faster aieerta running
the several numerical simulations necessary to determine the optimum pddkage
seconds versus 40 minutes per solution space iteration). It is important to read the
numerical chapter before proceeding to understand this meta-model.

As shown 4.1 Meta-Model,the meta-model is based on the numerical
simulations translating into identical geometry, material propegresnon-
thermoelectric boundary conditions. The thermoelectric boundary conditions areriff
because of the non-uniform flow of current within the germanium die. This transitde
a non-uniform Joule heating effect which is difficult and out of the present scope of this
work to account for analytically. Thus, a thermal only analytical solutiasesl in
conduction with added heat fluxes to account for the non-uniform Joule heating effects.

The first heat flux accounts for the added Joule heat felt at the center Cooler
electrode and uses the alphadllocation factor multiplied by the total amount of Joule
heat (fR). The second heat flux accounts for the added Joule heat felt at the hotspot and
uses the bet#) allocation factor in the same manner as the latter. Through the procedure
of separation of variables, the outputted temperatures are solved through an infinite
series.

The method of solving for the allocation factor surfaces evolves three rpi st

as discussed ih.2 Allocation Factor Surfaces The first step starts by inputting the
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optimized current and corresponding center hotspot and Cooler temperature into the
thermal-only analytical solution for each geometric variation. Next, theapd beta
allocation factors are varied parametrically, and the resultingtarslgenter Cooler and
hotspot temperatures are subtracted from their numerical counter partsp@tason
produces Cooler and hotspot discrepancy planes which are intersected with the zero
discrepancy plane and themselves to provide the alpha and beta pair with the lowest
discrepancy.

The above operation is conducted for the whole solution space which produces
alpha and beta curves as a function of Cooler size for each die thickness. The alpha
allocation factor is fitted with lines and the beta allocation factor edfittith power
functions as a function of Cooler size.

The last step ties together the curve fits with one equation per allocation fac
The premise is that this surface fit equation must be equal to each curvetireqtithe
corresponding die thickness. This produces six equations with six unknowns which are
solved though matrix inversion. These surfaces are then placed into the meta-ntbdel, a
the solution space is studied.

Overall, the meta-model displays the same behavior as a function of current,
Cooler size, and die thickness as shown by the numerical simulations, and is
subsequently omitted. Instead, the results of the meta-model are presentepgansmm
to the numerical metrics as discrepancie$.8:2Meta-Model Discrepancy The total
meta-model discrepancy is produced by the first two steps of the determinatieaspr
since the last step, the surface fit captures the pervious step’s curvhfitegligible

difference.
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The maximum total temperature reduction discrepancy at optimum conditions
(Cooler size and current) is around°@ Xabsolute value) for the hotspot temperature and
0.2°C for the Cooler temperature for the die thicknesses studied. For the entinsolut
space, the maximum total temperature reduction discrepancies for the hoib&oler
are 0.2C and 1.2C respectively. The maximum total hotspot cooling effectiveness
discrepancy at optimum conditions is less than‘@OA (absolute value) and 0 WWW
over the entire solution space.

The maximum hotspot temperature reduction discrepancy increased frot@ 0.15
to 0.2°C while the Cooler temperature reduction discrepancy remained constafi€at1.2
between the first and last step in determining the allocation factors. Hi@umna
hotspot cooling effectiveness discrepancy increased from 0.01 to 0.06 between the same
bounds. Thus more complicated curve fits are predicted to only decrease the $ptat hot

cooling effectiveness discrepancy and provide no benefit for the temperalucaaes.

4.1 Meta-Modd

A meta-model of the germanium constant current self cooling is developed from
the numerical results. These results are omitted because their trends asftsteade
similar to the constant voltage device. As such, the geometry outlidetl. iConstant
Current Self Cooler and material properties discussed ih.2 Material Propertiesare
adopted fronB8.1.1 Self Cooling Geometnand3.1.2 Material Propertiesrespectively.

The meta-model consists of coalescing the numerical solution described earlie
and an analytical solution as described.ih 3 Analytical Solution However, the non-
uniform flow of current within the germanium die translates into a non-uniform Joule

heating effect which is difficult and out of the present scope of this work to adoount

92



analytically. Thus, a thermal only analytical solution is used in conjunction dakida
heat fluxes which account for the non-uniform Joule heating effects.

The first heat flux accounts for the added Joule heat felt at the center Cooler
electrode and uses the alphfdllocation factor multiplied by the total amount of Joule
heat (fR). The second heat flux accounts for the added Joule heat felt at the hotspot and
uses the bet#) allocation factor in the same manner as the latter. Even though the
presented work focuses on outputting the center Cooler and hotspot temperatures, a
spreading resistance is placed into the meta-model. The non-thermodlectriary
conditions are responsible for the non-uniform heating at the bottom of the die (hotspot
and background heating) as well as the general cooling.

The outputted temperatures are solved through an infinite series with nespecti

Fourier coefficients which are described in more detail in reference (19).

4.1.1 Constant Current Self Cooler

The geometry required for the analytical solution is identical to the one found in

3.1.1 Self Cooling Geometrylt is shown inFigure 67 for convenience.
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Figure 67: Germanium Self Cooling Device

As shown inFigure 67, there are two heat fluxes, hotspot and background, that allow the
study of non-uniform heating. The Cooler is placed above the hotspot and the background

heat flux surrounds the hotspot. This fact is better explained viduiguge 68.
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Figure 68: Germanium Self Cooling Device, Left is ©p View, Right is bottom heating map (not to

scale)
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The die, Cooler, and hotspot are all square as shown by the above figure. Moreover, the
hotspot and Cooler are in the geometric center of the die. The dimensions of the device

are placed iTable 6.

Table 6: Germanium Self Cooling Device Dimensions

Label Dimension @m)
Die Width (k) 12000
Hotspot Width ({) 70
Ground Electrode Widthd) 500
Die Thickness @) 100,300,500
Cooler size d) 420-3500

The die thickness and Cooler size are the geometric variables used to explore the
germanium self cooler’s potential. The current runs through the ground electrode to the
Cooler electrode and due to the Seebeck coefficient difference betweemtla@igen

and electrode metal, corresponding cooling or heating heat fluxes are develibged at

surface interfaces. A contact resistance is also

4.1.2 Material Properties

The material properties for the germanium layer used to create the piesente
results in this chapter are identical to those detail@&dlir2 Material Properties The
materials properties selected contained an arsenic doping of Z&xfavhich produce
the highest Power Factor in the range studied. This produces the materidigsaper

Table 7.

Table 7: Meta-Model Material Properties

Thermal Electrical Seebeck
Label Conductivity Resistivity Coefficient
(W/mk) (n2m) (uV/K)

Germanium Die (doping of 2.3x¥8m”) 60 (20) (47) 50 (20) (46)  -467(20) (46)
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4.1.3 Analytical Solution

The analytical solution of the steady state germanium self cooler redugres t
solution of the Poisson’s equation (19). This is shown in equétibn

0T 0°T 0°T q”’(x,y,z):

+ + 0 4-1
d0x? 0y? 0z? kce

where:

. w
k¢e = thermal conductivity (E)

q'"" = volumetric heat generation (—3>
m

As shown by

The volumetric heat generation is non-uniform due to the non-uniform current
distribution (as shown blyigure 28). This requires equatiof+1to be solved together
with Laplace’s equation of the electrical potential, which for complicgéennetries is
out of the scope of the presented work.

The method that is employed uses allocation factors to account for the non-
uniform heat generation. These factors account from the fraction of Jotitbdtea
reaches the Cooler electrodg &nd the hotspofj, and as such are applied as boundary
conditions. This simplifies equati@ghlinto Laplace’s equation as shown by equation
4-2(19).

0T 0T 0°T

2ttt e 0 4-2

4.1.3.1Boundary Conditions

The boundary condition locations for the meta-model are showigume 69.
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Figure 69: Meta Model, Boundary Condition Location
The non-thermoelectric boundary conditions are showrabie 8.

Table 8: Meta-Model, Non-thermoelectric Boundary caditions

Value
Peffective 8741 (W/NF-K), Tampien=25"C
Hotspot Heat flux 680 W/cnf
Background Heat flux 70 W/cnf
The Peltier cooling heat flux is account for throdg8 (19).
Z_Z = —ql‘;'(‘z:f, z=tge |x| <051, |yl <0.51, 43

The variable “gc e’ accounts for the Peltier cooling, Joule heating portion allocated to
the Cooler, and Joule heating from the contact resistance. This is shown in edpdation

(19).

_s..TI+ 12 £<) + al?R
Ge (l 2> Ge 4-4

C

Aeeff = 2
C

The contact resistancpdc’) imposed contains a value of 1%1Q.cn? (20). The
variable “Rse” accounts for the electrical resistance of the Cooler and is determined by

the Cooler size, die thickness, and doping concentration (19). The same relationship as
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shown in equatiod-5 that was previously used by (19) and adopted from (51) and (52) is
used here and shown to give reasonable discrepancy between the numerical and
analytical values as shown4n3 Meta-Model Discrepancy The equation approximates

the electrical resistance as a circular spreading disk.

4’pGe C 1 ]12 (anc)
Rg. = 0.93 Z )
Ge (nrfrge tanh (ratoe) /2 (1) 45

n=0
The equivalent radii of the annular ground electrogdg énd the center Cooler electrode

(ro) are given by equatiof+-6 (19).

= ﬁ
4-6
_ lGe
Tge = \/_E

The eigenvalues/() are the roots of the Bessel function relatig{pr,J=0 which are

computed by (19) and adopted from (53) are computed using eqdation

4-7

Vn 4 +

_ @(1 +i_ 62 15116)

X3 3xé 30x8
The temperature distribution for the entire germanium die produced by the meta-mode
has yet to be determined and further research is needed to determine if the above
equations are sufficient for the presented material properties.

The Peltier heating heat flux is account for throdeh(19).

oT SgeTI

—_————, = t 0.5l S S O-Sl )
0z kGe(lcz;e - lgd) ’ o « g “

4-8
0.50,4 < |y] < 0.50,5 ,0.5l; < |y| < 0.5l
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The effective heat transfer coefficient that provides general coolihg teetf cooler
through conduction through thermal interface, heat sink, and conduction to room
temperature (Z&) air is accounted for by equatidrd (19).

oT heff
= - (T - Tambient): Z = tge, |x| < 0.5l |y| < 0.5l 4-9
0z kce

The non-uniform heat dissipated by the electronics at the bottom of the germaniam die i
simulated through two different heat fluxes, effective hotspot heat flux«4 and the

background heat flux (gg) (19). These heat fluxes are quantified in equatid2 (19).

aT n
9L _ _dnseir o, |x| < 051, |y| < 0.5,
0z kGe
4-10
aT dbg
—=-—2 7=0, > 0.51 = 0.51
57 Ko z |x| n 1yl h

The effective hotspot heat flux (@) accounts for the hotspot heat flux and the

allocated heat due to the non-uniform heat generation as shown by equhti{iD).

IBIZRGe
q;{s,eff = q;l’S + I 2 4-11
h

The edges of the germanium die are modeled as insulated as shévi2 (9).

oT
a =0 x= iO-SIGeJ |y| < O'SlGe 0 <z< tGe,
4-12
oT
@ =0 y = iO-SlGep |x| < O'SlGe 0 <z< tGe,

4.1.3.2Hotspot and Cooler Temperature Solutions

The analytical solution to the temperature distribution of the meta-model is found
through the separation of variables technique. This technique assumes the temperature
has the form of function of “x,” times a function of “y,” times and function of “z.” This

is shown in equatiod-13(19).
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T(x) =Xx)Y(W)Z(2) 4-13
Solving Laplace’s equation (equatid+®) with the boundary conditions described in
equatiord-12 produces the general temperature solution which is of the form of infinite
series (19). However, the purpose of the current study is to determine theCmiezr
and center hotspot temperature, which require the application of the other boundary
conditions (equatiod-3to 4-11) to determine the Fourier coefficients (19).

The above operations produce the center Cooler temperature and center hotspot

temperature shown in equatidri4(19) and4-15(19).

o)

Th(OOO) amblent+F00+ Z Fm0+zF0n Z Zan 4-14

m=1 n=1 m=1n=1

Tc(0,0,tge) = Tampient + Foo + Eootee

+ [Epmo sinh(atge) + Fpp cosh(a,tse)]

s

4-15
[EOn Sinh(ﬂntGe) + FOn COSh(ﬁntGe)]

+
s

1

S
1l

+ 2 Emn Sinh(YmntGe) + an COSh(antGe)

n=1

s

3
I

where:
2m*  2n”
Ymn =T |[7— +7—
lGe lGe
The Fourier coefficients have been omitted here and are discussed in reféégnce
The above temperature solutions are in the form of infinite series which mandate

understanding at which integer value the solutions converge. For th 20, 50Qm

Cooler size and zero current case, the summation integer was varied wiritenggthe
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center Cooler and hotspot temperat. These operations producedyure 70 and

Figure 71
Center Hotspot Temperature
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Figure 70 Hotspot Temperature summation integer study; 30@m die, 50@um Cooler size, 1=0

The center hotspot terrrature converges to a value of about®Cldut 300 summatio
terms are used for results since it produces hess @.0°C difference between tt
temperature produced by 900 summation t. This trend was independentCooler
size and die thicknes€orsequentlyall results presented in this chapter used

summation terms for the center hotspot temper.

Center Cooler Temperature
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Figure 71 Cooler Temperature summation integer study; 30fim die, 50@um Cooler siz¢, 1=0

The center Cder temperatut remains almost at 105Q and eventually diverges 175
summation termslhe divergent term count is independenCooler siz but is

dependent of die thickne. Consequentljor the results presented in this chapter,
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summation term used for the center Cooler temperature are 300, 100, and 40 for the

10Qum, 30Qum, and 500m die thicknesses respectively.

4.2 Allocation Factor Surfaces

The method of solving for the allocation factor surfaces evolves three masn ste
The first step, discussed4n2.1 Surface Intersection Methodstarts with the numerical
temperature results. For each geometry (Cooler size and die thicknesgtithum
temperature and current are recorded. Next, the alpha and beta allocaticndiese
varied parametrically, and the resulting analytical center Cootehatspot temperatures
are subtracted from their numerical counter parts. This operation produces @doler a
hotspot discrepancy planes. Finally, both discrepancy equation planes aretedensth
the zero discrepancy plane and themselves to provide the alpha and beta pair with the
lowest discrepancy.

The above operation is conducted for the solution space and as shb@i2in
Curve Fit, produces alpha and beta curves for each die thickness. These curves are then
fitted as a function of die thickness. The alpha allocation factor is fitted inéth &nd the
beta allocation factor is fitted with power functions.

In 4.2.3 Surface Fit these curve fits are tied together with one equation per
allocation factor. The premise of this step is that the surface fit equatisinoer equal to
each curve fit equation at the corresponding die thickness. This produces six equations
with six unknowns which are solved though matrix inversion. This surface fit is shown to

provide negligible difference between it and the curve fits at the die thickrsissied.
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It is important to note that each of the operations to determine the allocation
factors have associated discrepancies between the outputted meta-rdodeharical

metrics. These discrepancies are detailei3rVieta-Model Discrepancy

4.2.1 Surface Intersection Method

The first step in solving for the allocation factors evolves reviewing the meaher
data from the constant current self cooler. For each specific geai@etier with and
die thickness), there exists an optimum current that provides maximum hotspot
temperature reduction. Using the optimized current as a starting point foethanodel
is intuitive since it is the operation point of the device.

The analytical solution is set up to match the geometry (Cooler size and die
thickness) and optimized current. Next, the alpha and beta allocation factorsede vari
parametrically, and the resulting analytical center Cooler and hotspotrégorps are
subtracted from their numerical counter parts. This operation produces Cooler and

hotspot discrepancy planes exemplifiedHiyure 72 andFigure 73,

103



Thotspot Discrepancy Plane
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Figure 72: Cooler Discrepancy Plane for 30@m die, 101um Cooler Width, I1=3.35A

Tcooler Discrepancy Plane

Discrepancy (C)

Alpha
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Figure 73: Hotspot Discrepancy Plane for 30@m die, 101um Cooler Width, 1=3.35A

Next, the plane equations for the above planes are found through simple single
variable Calculus. This process requires three points to make two vectors mhich a
crossed to create a normal vector. Then the normal vector is “doted” with one of the
original vectors to create the equation of the plane. Generic equationsstopthees are

shown in equatioA-16.

QAcoolerX + bCoolery + CcoolerZ = dCooler

4-16
aHotspotx + bHotspoty + CHotspotZ = dHotspot
The resulting plane equations are checked for accuracy against the aliggngphancy
through a simple subtraction of values. This prodkigsre 74 andFigure 75for the

center Cooler and hotspot error planes.

Tcooler Discrepancy Plane Accuracy

Error (C)

Beta

Alpha

Figure 74: Cooler Discrepancy Equation Accuracy for300um die, 101um Cooler Width, 1=3.35A
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Thotspot Discrepancy Plane Accuracy

14

Error(C)

Beta

Alpha
Figure 75: Hotspot Discrepancy Equation Accuracy fp300um die, 101um Cooler Width, 1=3.35A

As is shown above, the mathematic operations provide a maximum of 2e-10 error for the
Cooler temperature and 2e-14 error for the hotspot temperature. This low ereermetw
the equation planes and the data discrepancy planes are typical of all wdisels st

Finally, both discrepancy equation planes are intersected with the zero
discrepancy plane and themselves to provide the zero discrepancy alpha ana beta pai
(providing the name of this step). This is accomplished through the following steps.

Both planes cross the zero discrepancy plane (z=0) creating two indepemeient li

as shown below.

AcoolerX T bCoolery = dcooler

AHotspotX T+ bHotspoty = dHotspot

The above line equations are placed into standard form in egdation
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QAcooler dCooler
feooter(X) = — x+

bCooler Qcooler
4-17
aHotspot dHotspot
fHotspot(x) = - b x+
Hotspot aHotspot

These lines are subsequently intersected to provide the one alpha and beta ofddr pair t
provides zero discrepancy for the center Cooler and hotspot temperature. Téss jBoc
outlined below.

The first line from equatiod-17is rearranged so that x is solved for as shown below.

<dCooler ) bCooler _
-y

QAcooler Qcooler

This value is then substituted into the second line of equétiofas shown below.
y=— c <dCOOler _ y) bCooler + dHotspot
bHotspot QAcooler QAcooler aHotspot

The variable “y” is solved for and is equal to the alpha allocation beta. This vahes is t

substituted back into “x,” subsequently solving for the alpha allocation factor as shown i

equatiord-18
aHdCsz _ d_H
bya Ay
R
HYC _ 1
byac
4-18
/ aydcbc _ d_H \
o =x= dCooler _ bHaCZ ay bCooler
Acooler aH_bC -1 Acooler
byac
where:

iy = iHotspot

ic = lcooler . . o . .
The above operations are accomplished for all geometries in the solution space. This
produces allocation factors as a function of Cooler size for each die thickressa in
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Figure 76 andFigure 77.Before understanding the below figures, it is important to
understand that the allocation factors account for the portion of Joule heat relehing t
Cooler electrodeaf) and hotspotfl). Moreover, as shown Wyigure 28, the current flows

from the top peripheral ground electrode to the center Cooler electrode.

Allocation Factor a

0.35
0.30 "’—_“\.“'.k
0.25
g — &
2
<
0.20 —e—100um Chip
=#—300um Chip
0.15 )
500um Chip
0.10
0 500 1000 1500 2000 2500 3000 3500

Cooler Sizepm)

Figure 76: Alpha as a function of Cooler size fora&ch die thickness

As the Cooler size increases, the current density underneath the Cooledelectr
decreases somewhat linearly. This translates into decreased Jonlg fiedt

subsequently decreased alpha values. As the die thickness is decreasecrhis clay
constricted, resulting in significantly less Joule heating for the sament value.

However, the optimum current values which balance the Peltier cooling and Joule heat
increase dramatically as the die thickness increases, creating alh ioeeease in Joule

heat, and subsequently alpha values.
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Allocation Factor
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Figure 77: Beta as a function of Cooler size for ea die thickness

The overall values for the beta allocation factor are smaller (at leastaereof
magnitude) than the alpha allocation factor since the majority of the cugreains near
the top surface. This translates into less current density near the hotspddulesheat,
and subsequently less beta values. As the Cooler size increases, the curitgnt dens
decreases, eventually translating into exponentially decreasingabe¢s VT hese values
asymptotically approach zero for all die thicknesses at large Coadsr Slnly at “small”

Cooler sizes do the die thickness demonstrate different beta values.

4.2.2 Curve Fit

The data fronfigure 76 andFigure 77 provides the alpha and beta values for
each cooler width and die thickness. A curve fit is used to express the allocatos fac
as a function of Cooler size. A linear curve fit is used for alpha and a powersiddar

beta. The allocation factors and their curve fits are showigure 78 andFigure 79.
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035 Allocation Factor a
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Figure 78: Linear Curve Fit Alpha

Higher order curve fits would have provided better accuragyl(Rat the cost of more
complicated polynomials. Thus, a linear curve fit is chosen because it providest@oder

accuracy (R>0.95). These curve fits have the form detailed by equétib®

a(c) =Aic+B; 4-19
0.035 ,
Allocation Factor
0.030 y = 18.9206 2158
R2 = 0.9475
0.025 .
—#=100umDie - 5 957 0365k 913
< 0.020 =#—300um Die R2=0.9935
o 0.015 500um Die y = 694.4808x-6615
R2=0.9817
0.010
0.005
0.000 2

0 500 1000 1500 2000 2500 3000 3500
Cooler Size fim)

Figure 79: Power Fit Beta

A power curve fit is chosen because it provides moderate accurzdy.9®). These
curve fits have the form detailed by equatea0.

B(c) = A;c®BD 4-20
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Since there is moderate difference between the surface intersdiciiatien values and
the curve fit allocation factor values, there is moderate temperataremhscy added by

the curve fitting operation as shown 4.2 Total Discrepancy

4.2.3 Surface Fit

A two dimensional curve fit, or surface fit, is determined to provide allocation
factor functions over the entire solution space.
4.2.3.1Alpha Surface Fit

The alpha surface fit entails creating a formula that ties in the polyrothélare
a function of Cooler size into one function that is a function of Cooler size and die
thickness. Assuming that the curve fits are generic polynomials, the gemeridd for

the surface fit is shown in equatidr21.

aPolynomical (C’ t)

m
= Z p1+(k+1)ncm_nt0 + pl+(k+1)ncm_nt1 + Pl+(k+1)ncm_nt2 4-21

n=0
+ et p1+(k+1)ncm_ntk
where:
¢ = Cooler width (um)
t = die thickness um
m = curve fit order
k = number of die thicknesses
The above equation is simplified by acknowledging that linear curve fig$ ¢fider
polynomial) are used and that only three die thicknesses are studiedthBiecdie
thicknesses are studied, a quadratic curve fit though die thickness is usedtofabe

fit as shown by the coefficients of “t” in equatidrR22
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1
Apinear (€, t) = Z P143nC™ "0 4 D1z T + prygnc™ T 4-22

n=0

Equation4-22 can be expanded into equati®23
Apinear(C,t) = P1C + P2t + p3ct? + py + pst + pet? 4-23

Even though the equation for the alpha surface fit is known, its coefficients are
still to be determined. They can be determined if the surface fit equaehequal to
each curve fit equation at the corresponding die thickness. This process isl thetane.
Apinear (€ t;) = P1C + Pact; + p3cty® + py + pst; + peti® = Aic + By
The above is accomplished for all three die thickness curve fits, which produces six

equations and six unknowns as shown through matrix notation in eqdi2ibn

1t; t%1][p1 A1 [1t1 t21] [pa B,
1 tz tzz p2| = AZ ; 1 tz tzz Ps| = BZ 4-24
1ty t25|WP3] LAzl |1¢; t25]WPel  1Bs

The surface fit coefficients are easily solved through matrix inverbionrsin equation

4-25
41 (2
K|P2| =4 K|Ps|=B
P3 Pe
4-25
P1 [
[pz = K '4; |[ps|= K™'B
b3 Pe
where:
1t t%; A, B,
K=|1t, t*|;A=|4;|;B =B
1ts t2, Az B3

The above process onto the data showkrigare 78 produces the alpha coefficients in

equatiord-26 which correspond to equatidn23.
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P1 [—5.271e — Sl

D2 1.748e — 7
D3 _|2131e - 10

D4 | 02262 | 4-26
Ps l 4.020e — 4 J

PelLinear aipha —4.086e — 7

The alpha coefficients from equatidr26 which correspond to equatida23 produce the
alpha surface shown Figure 80. The surface demonstrates its quadratic behavior

through the die thickness as well as linear behavior through the Cooler size.

Alpha Surface fit

Y
= s
S

3500

1 g

Die thickness (um)
Cooler width (umj

Figure 80: Alpha Allocation Factor Surface

There is negligible (<2e-18) alpha value difference between the curve fits asuftee
fit equations as shown liyigure 81 Thus, the surface fit operation produces no added
discrepancy between the numerical and meta-models.
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Alpha Discrepancy between Curve Fits and Surface Fit

Die thickness (um)

Cooler width (um)

Figure 81: Alpha value Surface Fit Discrepancy fronCurve Fit

4.2.3.2Beta Surface Fit
The beta surface fit entails creating a formula that ties the powes tits that
are a function of Cooler size into one function that is a function of Cooler size and die
thickness. Assuming that the curve fits are generic power functions, the demauta
for the surface fit is shown in equatid27.

k
Z qn+1t") CZ;’%:O An+k+2t™ 4-27

n=0

Brower (c,t) = <

The above equation is simplified by acknowledging that only three die thicknesses ar
studied. Thus, a quadratic curve fit though die thickness is used for the surface fit as

shown by the coefficients of “t” in equatidn28
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2
Brower (c,t) = <Z Qn+1 tn) czgl:o nsat™ pos
n=0

Equation4-28can be expanded into equati29.

.BPower (C, t) = (Ch + CIZt + Q3t2)cq4+q5t+q6t2 4-29

Even though the equation for the beta surface fit is known, its coefficientsdllare s

to be determined. They can be determined if the surface fit equation is set equhl to e
curve fit equation at the corresponding die thickness. This process is detailed below.
Brower (€,t) = (q1 + qot; + qat;2)c¥astitaeti® = 4,c(BD

The above is accomplished for all three die thickness curve fits, which produces six

eguations and six unknowns as shown through matrix notation in eqd&®n

1t t2] 194 A1 [1t t%
1t, t2,||92]| = |Az2|; |1 ¢, t2, q5 = 4-30
1ty t25| 103 1Azl [1¢, ¢2,

The surface fit coefficients are easily solved through matrix inverbionwrsin equation

4-31
q1 qa
K|%2| =4 K |95 =B
qs de
4-31
q1 44
[qz = K7'4; 45| = KB
qs de
where:
1t t2, Ay B,
K=|1t; t?;[;A=|42|;B =B
1t; t2, Az B3

The above process onto the data showrigare 79 produces the alpha coefficients in

equatiord-32which correspond to equatidn29.
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—4.613e + 3]
4-32

[91]

|42 | | 5.524e +1 |
|95 | _|—8.926e—2|
lq,] — | —0.4760 J

[qs [—8.655e -3
d6-power Beta 1.257e — 5
The alpha coefficients from equatidr82 which correspond to equatidn29 produce the

|

beta surface shown Figure 82
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Figure 82: Beta Allocation Factor Surface

There is negligible (<3e-16) beta value difference between the cureaditthe surface

fit equations as shown tyigure 97.
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Beta Discrepancy between Curve Fits and Surface Fit
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Die thickness (umm)
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Figure 83: Beta value Surface Fit Discrepancy fronCurve Fit

Due to the nature of the beta surface fit, some caution must be employed if the
meta-model is used to output results for die thicknesses in between those used to create
the surface (100 to 300 and 300 to 500). As shoviigare 84, there is a maximum beta

value around 0.24 around the L&®die thickness.
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Figure 84: Beta Surface Problems

The maximum is an order of magnitude larger than the values found through the
presented process. However, since thaf8@ie thickness was not numerically
simulated, it is impossible to determine if the surface is correctiygti@dowing the
performance of other die thicknesses. This is an item where furtherctegeaeeded to

determine the surface’s accuracy and foreshadowing power.

Meta-Model Discrepancy

Overall the meta-model displays the same behavior as a function of current,

Cooler size, and die thickness as shown by the numerical results. The numaritsal res

demonstrate similar values, trends, and tradeoffs as the constant voltagelee|/fand
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thus were omitted. Moreover, the results of the meta-model are presented inisompar
to the numerical results since this is of more interest.

The constant current specific metrics discussei2rl Cooling Metricsare
recorded for the meta-model and the differences between it and the nunesudsl are
shown as discrepancids3.1 Plane Intersection Discrepancygiscusses the
discrepancies associated with the first step in determining the adlocatitors.

The maximum temperature reduction discrepancy at optimum Coolerssiess
than 0.02C for the hotspot temperature and 6 Tor the Cooler temperature for all die
thicknesses studied. For the entire solution space, the maximum hotspot and Cooler
temperature reduction discrepancies are°@.18bsolute value) and £@ respectively.
The hotspot cooling effectiveness discrepancy at optimum Cooler sizes detesnsiss
than 0.007C/W for all die thicknesses studied. The maximum hotspot cooling
effectiveness discrepancy is around 0@W.

4.3.2 Total Discrepancydiscusses the total meta-model discrepancies produced
by the first two steps of the determination process. The last step, the surfdmesfnot
contribute to the total discrepancy within the die thicknesses studied. Thisusddoa
allocation factor surfaces capture the pervious step’s curve fits wililgibgdifference.
Thus, any added discrepancy is attributed to the curve fit step. Thus the toeahsyr
is the combination of the plane intersection step and the curve fit step.

The maximum total temperature reduction discrepancy at optimum Co@slisiz
around 0.IC (absolute value) for the hotspot temperature arfi€@dt the Cooler
temperature. For the entire solution space, the maximum total temperdtwctare

discrepancies for the hotspot and Cooler ar&@ahd 1.2C respectively. The maximum
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total hotspot cooling effectiveness discrepancy at optimum Cooler siess han
0.01°C/W (absolute value) for all die thicknesses studied. For the entire soluti@) spac
the maximum total hotspot cooling effectiveness discrepancy is arourf€ 006

The maximum hotspot temperature reduction discrepancy increased from 0.15 to
0.2 between the first (plane intersection) and last (surface fit) stepermui@ing the
allocation factors. The maximum Cooler temperature reduction discrepameyned
constant at1.2 through all the steps. The maximum hotspot cooling effectiveness
discrepancy increased from 0.01 to 0.06 between the first (plane intersegijcamnste
last (surface fit) step in determining the allocation factors. Thus noonplcated curve
fits are predicted to only decrease the total hotspot cooling effectivenagpdisry and

provide no benefit for the temperature reductions.

4.3.1 Plane Intersection Discrepancy

The plane intersection step is the first step in determining the allocatiorsfact
As such, it contains the first amount of discrepancy between the meta-model and the
numerical results. The discrepancy is shown for the temperature, tempeealuction,
and hotspot cooling effectiveness.
4.3.1.1Temperature

The temperature discrepancy for the @®Qdie is shown ifrigure 85.
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Temperature Discrepancy
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Figure 85: Temperature Plane Intersection discrepacy for 100um die

The hotspot temperature discrepancy is significantly lower than thespon@ing Cooler
values. This is true for all die thicknesses tested. It is of interest to dr@tgmperature
discrepancy for the optimum Cooler sizes (and corresponding currents) of eddfeglie.
are 63@m, 203Qum, and 3500m for the 10@m, 30Qum, and 50Qm respective die

thickness. The temperature discrepancies for these Cooler sizhswareisFigure 86.
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Figure 86: Temperature Plane Intersection discrepacy at optimum Cooler sizes

The maximum temperature discrepancy at optimum Cooler sizes is arouf@ fa0the
hotspot temperature and 0°CSfor the Cooler temperature. This provides confidence that
the meta-model is accurately capturing the non-uniform Joule heating effpetially at

the hotspot.
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Reviewing the entire solution space, the maximum hotspot and Cooler
temperature discrepancies are @and 1.2C respectively.
4.3.1.2Temperature Reduction

The temperature reduction discrepancy for thauid@ie is shown irrigure 87.
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Figure 87: Temperature Reduction Plane Intersectiordiscrepancy for 10@um die

The hotspot temperature reduction discrepancy is significantly lower than the
corresponding Cooler values. This is true for all die thicknesses testedf ilitisrest to
group the temperature discrepancy for the optimum Cooler sizes (and corresponding
currents) of each die. They are @8@ 203@um, and 3500m for the 10@m, 30Qum, and

500um respective die thickness. The temperature reduction discrepancies ¢oC tiudsr

sizes are shown iRigure 88.
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Figure 88: Temperature Reduction Plane Intersectiordiscrepancy at optimum Cooler sizes

The maximum temperature reduction discrepancy at optimum Coolerssizes
around 0.0%C for the hotspot temperature and 6Q Tor the Cooler temperature. This
provides confidence that the meta-model is accurately capturing the Redtiaon-
uniform Joule heating effect, especially at the hotspot.

Reviewing the entire solution space, the maximum hotspot and Cooler
temperature reduction discrepancies are°@.18bsolute value) and £@ respectively.
4.3.1.3Hotspot Cooling Effectiveness

The hotspot cooling effectiveness discrepancy for th@r0die is shown in

Figure 89.

Hotspot Cooling Effectivheness Discrepancy

0.012
0.010
0.008
0.006
0.004
0.002
0.000
-0.002

Hotspot Cooler Effectivness

0 500 1000 1500 2000 2500 3000 3500

Cooler Size fim)

Figure 89: Hotspot Cooling effectiveness Plane Intgection discrepancy for 10@m die

The largest discrepancy is felt at the largest Cooler size and is prolo@dly light mesh
convergence issues. It is of interest to group the temperature discrepatheydptimum
Cooler sizes (and corresponding currents) of each die. They amm6303@um, and
350um for the 10@m, 30Qum, and 500m respective die thickness. The hotspot cooling

effectiveness discrepancy for these Cooler sizes are shdviguire 90.
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Figure 90: Hotspot Cooling effectiveness Plane Intgection discrepancy at optimum Cooler sizes

The maximum hotspot cooling effectiveness discrepancy at optimum Coeleisless
than 0.007C/W. This provides confidence that the meta-model is accurately capturing
the Peltier and non-uniform Joule heating effect, especially at the hotspot.

Reviewing the entire solution space, the maximum hotspot cooling effectiveness

discrepancy is around 0.S/W.

4.3.2 Total Discrepancy

As shown byFigure 78 andFigure 79 the second step in determining the
allocation factors is to place a curve fit as a function of Cooler size ¢brdka thickness.
A linear curve was chosen for alpha and a power function was chosen for beta. Even
though the next step, the surface fit, provides the total discrepancy for the atgia-m
the surface fit step does not add any more discrepancy. As shdviguiog 81 and
Figure 83,the allocation factor surfaces capture the pervious step’s curve fts wit
negligible difference. Thus, any added discrepancy is attributed to trefawstep. Thus
the total discrepancy is the combination of the plane intersection step and thitcurve
step and is shown for the temperature, temperature reduction, and hotspot cooling

effectiveness.
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4.3.2.1Temperature
The total temperature discrepancy for the i@ie thickness is shown Fgure

9L
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Figure 91: Total Temperature Discrepancy for 10@m die thickness

The total temperature discrepancy demonstrates more discrepancy thaméhe
intersection discrepancy. It is of interest to group the total temperaturepdiacy for
the optimum Cooler sizes (and corresponding currents) of each die. They amg 630
203Qum, and 3500m for the 10@m, 30Gum, and 500m respective die thickness. The

total temperature discrepancies for these Cooler sizes are shbwgniia 92
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Figure 92: Total Temperature Discrepancy at OptimumCooler sizes
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The maximum total temperature discrepancy at optimum Cooler siess ihan 0.0
(absolute value) for the hotspot temperature and around®f@@the Cooler
temperature. This provides confidence that the meta-model is accurateiynzafite
non-uniform Joule heating effect, especially at the hotspot.

Reviewing the entire solution space, the maximum hotspot and Cooler
temperature discrepancies are’G.and 1.8C respectively.
4.3.2.2Temperature Reduction

The total temperature reduction discrepancy for theutO@ie is shown irrigure

93. Figure 94
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Figure 93: Total Temperature Reduction Discrepancyor the 100um die thickness

For all die thicknesses the total temperature reduction discrepancy demaegsrisieassame
shape as its total temperature discrepancy. It is of interest to group thengarature
discrepancy for the optimum Cooler sizes (and corresponding currents) of eddiegie.
are 63@m, 203Qum, and 3500m for the 10@m, 30Qum, and 50Qm respective die

thickness. The total temperature discrepancies for these Coolerrsizb®an irFigure

94.
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Figure 94: Total Temperature Reduction Discrepancyat Optimum Cooler sizes

The maximum total temperature reduction discrepancy at optimum Co@slisiz
around 0.IC (absolute value) for the hotspot temperature arfi€@dt the Cooler
temperature. This provides confidence that the meta-model is accurateiynzafite
Peltier and non-uniform Joule heating effect, especially at the hotspot.

Reviewing the entire solution space, the maximum hotspot and Cooler

temperature reduction discrepancies aré®dghd 1.2C respectively.

4.3.2.3Hotspot Cooling Effectiveness

The total hotspot cooling effectiveness discrepancy for theri@be is shown in

Figure 95.
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Figure 95: Total Hotspot Cooling Effectiveness Disepancy for the 10Gum die thickness

It is of interest to group the temperature discrepancy for the optimum Coele(amn
corresponding currents) of each die. They arai68@03@m, and 3500m for the
10Qum, 30Qum, and 500m respective die thickness. The total hotspot cooling
effectiveness discrepancy for these Cooler sizes are shdviguire 96.
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Figure 96: Total Hotspot Cooling Effectiveness Disepancy at Optimum Cooler sizes

The maximum total hotspot cooling effectiveness discrepancy at optimum Caekerss
less than 0.0°C/W (absolute value). This provides confidence that the meta-model is
accurately capturing the Peltier and non-uniform Joule heating effeetiabpat the
hotspot.

Reviewing the entire solution space, the maximum total hotspot cooling

effectiveness discrepancy is around 8a@gv.
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Chapter 5: Germanium and Silicon Bi-Layer Self Cooling

Wang and Bar-Cohen previously simulated a germanium self cooling device that
uses the germanium die as the thermoelectric material to remedy theatemgpese due
to high flux hotspots (20). Their constant current self cooler is adopted in and thensolut
space increased to create the meta-model discus&#dpter 4: Germanium Self
Cooling Meta Model. A constant voltage self cooler is developed and discussed in
Chapter 3: Performance of Germanium Self Cooling Devicelhe comparison
between the constant current and voltage cooler solutions provides the performance band
of that device.

This chapter discusses a self cooler that contains a germanium lagprairab
electrically insulated silicon layer with high thermal conductivity. Thig@econtains a
manufacturing advantage over that of the 100% germanium self cooler since the bottom
layer consists of silicon which is the industry standard. The top germanianchythen
be grown through chemical or vapor techniques or attached. Moreover, the silicon
provides a high thermal conductivity at the location of the hotspot providing superior
thermal spreading.

This bi-layer self cooler contains similar geometry, material ptgserand
boundary conditions as the constant voltage self cooler with the exception of the
electrically insulated bottom silicon layer with high thermal conductistglaown irb.1
Bi-layer Self Cooling Device

The non-thermoelectric boundary conditions consist of a centered high heat flux
hotspot surrounded by low heat flux background heating. The top of the Cooler electrode

contains a constant voltage boundary condition which mandates a variable current and
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translates into calculating the current and corresponding Peltier coolitigghiea each
element. Moreover, the non-uniform current flow through the germanium top layer
produces non-uniform Joule heating. Thus, the thermoelectric boundary conditions are
automatically calculated by the high order thermal-electriesheht SOLID227 which
couples the thermal and electrical field through Joule Heating and the Ef#kia.

5.2 Bi-Layer Numerical Resultsoutlines the advantages of the bi-layer self
cooling device. Several metrics used to rate the device. These metncssdise
temperature reductions at the center hotspot and Cooler temperatures. Qikeeatiee
reductions introduced are the hotspot temperature reduction relative to the 100%
conduction only silicon devicé\[y,s;)) and the 100% germanium constant voltage self
cooler ATy,ce).- The hotspot cooling effectiveness is also discussed and determines the
devices ability to remove the temperature rise induced by the introduction of $pethot
The efficiency, or thermal impact factor, is determined by the hotspot tataper
reduction over the Power of the device.

As the germanium percentage increases, the hotspot temperature reduction
increases (absolute value) to that of the 100% germanium constant voltage selfigeol
to the de-constriction of the current within the top germanium layer. It is inmpoota
note that the bottom silicon layer is electrically insulated and contains ahleighal
conductivity.

This high thermal conductivity plays a major role\ifiy,si andATy,si metrics.
These metrics demonstrate a tradeoff between two opposing effects. Alsettebefore,
the hotspot temperature reduction increases as the germanium percen&sgesicr

However, the thermal spreading ability of the bottom silicon layer decreasbe
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germanium percentage increases. Thus, these two competing effects pnowdienam
percentage which allows for a hotspot temperature below that of the 100% conduction
only silicon device and the 100% germanium self cooler.

ATy,ceincreases (absolute value) quasi-linearly as the die thickness irsgrease
starting at -0.3C for the 10Qm die, and reaches -2Q@for the 50Qm die.AT,s;
decreases (absolute value) quasi-linearly as the die thickness incstasies) at -1.9C
for the 10@um die, and falls to less than -8Clfor the 50Qm die. The comparison
between these devices demonstrates the bi-layer self cooler’s ability tdautpeoth
the conduction only silicon device and the 100% germanium self cooler.

As the die thickness increases the hotspot temperature reduction increases.
However, the temperature rise due to the introduction of the hotspot decreaseslyltimat
providing an optimum die thickness for the hotspot cooling effectiveness metric. This die
thickness was shown to be 300 for the bi-layer self cooler with a value of 0.94.
Moreover, the bi-layer self cooler is more capable of removing the hotspot &unper
rise than the 100% germanium self cooler for all die thicknesses studied due tdthe hig
conductivity of the bottom silicon layer.

The efficiency, or thermal impact factor, at optimaiy,cegermanium
percentage decreases as the die thickness increases with its ldugest ¥8.56 at the
100um die thickness. Moreover, there is little difference between the therpatim
factor of the bi-layer and 100% germanium self cooler.

Contact resistances were placed between the bottom silicon and top germanium
layer to determine their impact on thermal performance. As the thermalto@siatance

is increased from zero to 2&m?W, the hotspot temperature reduction relative to the
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100% germanium self cooler migrates from °C.20 almost 7.%C. The hotspot
temperature reduction relative to the 100% silicon self cooler migratesdssnthian -
0.1°C to almost 8.2C. It is thus important to ensure good contact between the die layers

if the optimum performance of the bi-layer device is sought.

5.1 Bi-layer Sef Cooling Device

The geometry for the bi-layer self cooling device with constant voltagditcans
(i.e. bi-layer self cooler) is adopted from the constant voltage self coolingedsessic
discussed i®.1.1 Geometry.The geometry consists of a square n-type germanium layer
placed over an electrically insulated silicon layer. The hotspot is locatiee ldttom
center of the square silicon layer. This central location motivates the @tedende to
be placed on the top center of the germanium layer. This allows localized cooling above
the localized high heat flux zone. The germanium percentage, die thickness, &nd cool
width are the geometric parametric variables for this study.

The material properties for the constant voltage self cooling de3/ite (

Material Properties) are adopted as discussedith.2 Material Properties The top
germanium layer contains the thermoelectric properties required fardbkectric
cooling. The bottom electrically insulated silicon layer contains a 100W/mk therma
conductivity that provides better heat spreading than the germanium (60 W/mk).

These boundary conditions of the bi-layer self cooler are identical to those shown
in 3.1.2 Material Propertieswith the exception of bottom insulated silicon layer forcing
the current to only flow through the top germanium layer. They consist of non-
thermoelectric and thermoelectric boundary conditions. The non-thermaebamndary

conditions consist of a centered high heat flux hotspot surrounded by low heat flux
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background heating@.he top of the Cooler electrode contains a constaltge
boundary condition which mandates a variable ctuirmedtranslates into calculating tl
current and corresponding Peltier cooling/heatorgefich eleme. Moreover, the nc-
uniform current flow through the germanittop layer produces namiform Joule
heating.Thus, the thermoelectric boundary conditionsautomatically calculated by t
high order thermaglectrical element SOLID227 which couples the tredramd electrica

field through Joule Heating and the Peltier El.

5.1.1 Geometry

The germanium and silicon self cooling device vatimstant voltagboundary
conditions (i.e. blayer self cooler) contains a germanium layer gndban electrically
insulated silicon layeiThe temperatures of interest for this study arectreer Coole

and center hotspot temperature as showFigure 97.
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Figure 97: Bi-Layer Self Cooling Device
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As shown inFigure 97, there are two heat fluxes, hotspot and background, that allow the
study of non-uniform heating. The Cooler is placed vertically above the hotspot and the
background heat flux surrounds the hotspot. This fact is better explained vigguimg

98.
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Figure 98: Bi-Layer Self Cooling Device, Left is Tp View, Right is bottom heating map (not to scale)

The die, Cooler, and hotspot are all square as shown by the above figure. Moreover, the
hotspot and Cooler are in the geometric center of the die. The dimensions of the device

are shown imable 9.

Table 9: Bi-Layer Self Cooling Device Dimensions

Label Dimension @m)
Die Width 12000
Hotspot Width 70
Ground Electrode Width 500
Die Thickness 100,300,500
Cooler size Variable
Germanium Percentage Variable

Various die thickness are simulated, each with a germanium percentage asrdszeol

range sufficient to determine optimum performance. Thus the parametriclesiaae the
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germanium percentage, die thickness, Cooler size, and current. The optimum

performance is found through sequential parametric optimization of the saiolesiria

5.1.2 Material Properties

The material properties for the germanium layer used to create the piesente
results in this chapter are identical to those detail@&dlir2 Material Properties The
materials properties selected contained an arsenic doping of Z&xfavhich produce

the highest Power Factor in the range studied. This produces the materidigsaper

Table 10
Table 10: Bi-Layer Self Cooling Device Material Prperties

Thermal Electrical Seebeck

Label Conductivity Resistivity Coefficient
(W/mk) (n€2m) (nVIK)

Germanium Die (doping
60 (20) (47) 50 (20) (46)  -467(20) (46)
of 2.3x13%m™)
Silicon 100 1el8 Oe-6

5.1.3 Boundary Conditions

The bi-layer self cooling device with constant voltage boundary conditions (i.e.
bi-layer self cooler) contains both thermoelectric and non-thermoelbotritdary
conditions. The locations of these boundary conditions are shokgure 99. These
boundary conditions are identical to those shows1 113 Boundary Conditionswith the
exception of bottom insulated silicon layer forcing the current to only flow thrthey

top germanium layer.
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Figure 99: Bi-Layer Self Cooling Device Boundary Cnodition Locations

It is important to note that the top of the Cooler electrode has a constant voltage
constraint and, due to Ohm'’s law, the current at the Cooler electrode is not constant.
The values of the non-thermoelectric boundary conditions are displayetblm

11

Table 11: Bi-Layer Non-Thermoelectric Boundary Condtions

Value
Peffective 8741 (W/NF-K), Tampien=25°C
Hotspot Heat flux 680 W/cnf
Background Heat flux 70 W/cnf

The heating map iRigure 24 shows the centered hotspot surrounded by the background
heat flux. The effective heat transfer coefficienk{kie accounts for the thermal
interface, heat spreader, and air-cooled heat sink used to provide global codiiray for
die (20).
5.1.3.1Bi-Layer Thermoelectric Boundary Conditions

It is common to apply a Peltier cooling and heating heat flux at the appropriate

surfaces if the current across the surface is constant. Wang and Bar-Gaghémaufact
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to determine constant Peltier cooling and heating at the appropriate surfezfesence
(20).

These equations cannot be used to produce the results for the bi-layer self cooler
because the constant voltage boundary condition at the top of the Cooler electrode
mandates a variable current. Consequently, the calculation of current corresponding
Peltier cooling/heating for each element is required to determine the bowoddrions.

Moreover, the non-uniform current flow through the germanium die produces
non-uniform Joule heating. Thus, the numerical simulation must solve for the thermal and
electrical fields with Joule heating and the Peltier effect couplingmbeThis coupling
is available through the ANSYS high order SOLID 227 element validatédin
Thermal-Electrical Model with Joule Heating and the Peltier Effect. The validation
test shows less than 1% error for Power and less than 2.5 % (absolute value) between the
numerical and analytical solutions. Thus there is much confidence in using this coupled

numerical simulation to provide accurate results.

5.2 Bi-Layer Numerical Results

The potential and advantages of the bi-layer self cooling device are inwvestigat
The metrics used to rate the device are discusse@.ih Bi-Layer Cooling Metrics
These metrics discuss the temperature reductions at the center Hotspobberd
temperatures. Another temperature reduction is introduced which is the hotspot
temperature reduction relative to the corresponding 100% constant voltage germani
self cooler. The hotspot cooling effectiveness is also discussed and detetha

devices ability to remove the temperature rise induced by the introduction of spethot
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The efficiency, or thermal impact factor, is determined by the hotspot tataper
reduction over the Power of the device.

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. As sh&h2n
Mesh Convergencethe high order thermal-electrical element SOLID227 with element
counts ranging from 25k to almost 105k was used to generate the results fdatles bi-
self cooler.

For all the geometries simulated, a common temperature distribution was
generated and discussedi.3 Typical Bi-layer Temperature Distributions For each
specific case tested, there exists a temperature profile with twotiofigpoints around
the center of the hotspot. This fact along with the symmetric temperatuite [@adls to
two concentric rings with the inner-most consisting of slightly lower teatpess and the
outer-most consisting of slightly higher temperatures. This temperastiri®ukion is
similar to the 100% germanium constant voltage self cooler discus3213nTypical
Temperature Distributions.

The center hotspot temperature demonstrates a quadratic temperaturerresuct
a function of current due to the tradeoff between the Peltier and Joule Hetdotg. ef
This allows a quadratic trend fitting to the temperature curves to determimenineum
temperature, maximum hotspot temperature reduction, and the Power of the belaye
cooler. This process is detailed5r2.4 Function of Currentand is identical to that in
3.2.4 Function of Current

Their trends demonstrate tradeoffs as showk2rb Function of Cooler. In

general, the temperature reduction for each germanium percentage datesmstr
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tradeoff between the thermal resistance between the Cooler and hotspot and the
thermoelectric cooling effect at the Cooler. The hotspot cooling effeetsgetrend shows
a similar (yet negative) trend when compared to the hotspot temperaturgorethend.
Thus their optimums occur at the same Cooler size and current.

The above translates into an optimum Cooler size for each germanium pegcentag
as shown irb.2.6 Function of Germanium PercentageAs the germanium percentage
increases, the hotspot temperature of the bi-layer device migrateth&#di@0%
conduction only silicon device to that of the 100% germanium constant voltage self
cooling device. The hotspot temperature reduction increases (absolute valuepto that
the 100% germanium self cooler due to the de-constriction of the current within the top
germanium layer. It is important to note that the bottom silicon layer isieédist
insulated and contains a high thermal conductivity.

The hotspot temperature reduction relative to the 100% germanium self cooler
demonstrates a tradeoff between two opposing effects. As described beforespbé hot
temperature reduction increases as the germanium percentage inttoasa®r, the
thermal spreading ability of the bottom silicon layer decreases asrthargem
percentage increases. Thus, these two competing effects provide an optimemagerc
which allows for a hotspot temperature below that of the 100% germanium cooler. These
tradeoffs are also true for the hotspot temperature reduction relativelio0¢te
conduction only silicon device.

The hotspot cooling effectiveness follows this same trend since its equation

mandates the same tradeoff effects. The power increases linedrygesmanium
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percentage increases and remains below that of the 100% germanium self cadller for
percentages studied.

The above translates into optimum germanium percentages for each die thickness
as shown irb.2.7 Function of Die ThicknessThe bi-layer self cooler is capable of
achieving a lower hotspot temperature than the 100% germanium self coolematnopti
conditions ATy,ce). This advantage increases (absolute value) quasi-linearly as the die
thickness increases; starting at °@.3or the 10Qm die, and reaches -2@ for the
500um die. The bi-layer self cooler can also demonstrate hotspot temperatueeshan
the 100% conduction only silicon device. This advantage decreases (absolute value)
quasi-linearly as the die thickness increases; starting 8€-fofthe 10Qm die, and
falls to less than -0°C for the 50Qm die. The comparison between these devices
demonstrates the bi-layer self cooler’s ability to outperform both the conduction onl
silicon device and the 100% germanium self cooler.

As the die thickness increases the hotspot temperature reduction increases.
However, the temperature rise due to the introduction of the hotspot decreasetglyltima
providing an optimum die thickness for the hotspot cooling effectiveness metric. &his di
thickness was shown to be 300 for the bi-layer self cooler with a value of 0.94.
Moreover, the bi-layer self cooler is more capable of removing the hotspot &unper
rise than the 100% germanium self cooler for all die thicknesses studied duéighthe
conductivity of the bottom silicon layer. Since the conduction only silicon device cannot
sustain current flow, it does not sustain a hotspot temperature reduction, and produces

zero hotspot cooling effectiveness values for all die thicknesses.
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The efficiency, or thermal impact factor, at optimaify,cegermanium
percentage decreases as the die thickness increases with its ldugest $8.56 at the
10Qum die thickness. Moreover, there is little difference between the therpatim
factor of the bi-layer and 100% germanium self cooler. Since the 100% conduction only
silicon device requires no power to operate and creates no hotspot temperatui@educt
the thermal impact factor approaches infinity divided by zero, which is undefimeéd, a
consequently its thermal impact factor is undefined.

Contact resistances were placed between the bottom silicon and top germanium
layer to determine their impact on thermal performan&2r8 Thermal Contact
Resistance As the thermal contact resistance is increased from zer& tgra@Ww, the
hotspot temperature reduction relative to the 100% germanium self cooleresigoat
-1.2°C to almost 7.%C. The hotspot temperature reduction relative to the 100% silicon
self cooler migrates from less than @10 almost 8.%C. It is thus important to ensure
good contact between the die layers if the optimum performance of the bi-lsice ide

sought.

5.2.1 Bi-Layer Cooling Metrics

In order to determine the cooling potential of the bi-layer self cooler, thecmet
from the constant current self cooling device found.ih1 Cooling Metricsare adopted.
These include the temperature reductions and the hotspot cooling effectivenesst The fi
metric determines the temperature reduction at the center hotspot and Caiensoc

due to the application of current. These metrics are shown in eqgéti(20).

ATHotspot = T@hotspot,Cooler on — T@hotspot,Cooler off 5-1
ATCooler = T@cooler,Cooler on T@coolert,Cooler off
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These metrics follow the cooling trends explained.BiThermoelectric Cooler Net
Effects. At small current values, the temperature at both locations reduces lineatty due
the Peltier effect. This produces a negatiVgosportaNdATcooler At larger currents, the
Peltier effect is balanced by Joule heating, ANghtspotaNdATcoolerreach an optimum
(minimum) value. Currents larger than this point produce larger (absolute X@hsgpot
andATcooer values. Thus the typical operational point for the bi-layer self cooler involves
applying the current that produces the maxim\iotspot

The above metrics are studied for several cooler widths, germanium pgent
and die thicknesses. Then at the optimum Cooler size and current for each germani
percentage and die thickness, the minimum hotspot temperature are comgaged to t
100% Germanium constant voltage self coolghngpter 5) with comparable die
thickness as shown by equatioR.
ATy e = T@hotspot,Bi—layer - T@hotspot,lOO% Germanium Constant Voltage 5-2

At the optimum Cooler size and current for each germanium percentage and die
thickness, the minimum hotspot temperature are also compared to the 0% germanium bi
layer self cooler. This geometry corresponds to 100% electrically iedwuddicon die
which remediates the hotspot temperature only through conduction as shbwin by
ATy 5i = Tenotspot,Bi-layer — T@hotspot,100% Siticon 5-3

Another metric determines the hotspot cooling effectiveness of the bisklfe
cooler. More specifically, it is the ratio of the temperature change due toajmpliof
current to the Cooler over the temperature rise due to the hotspot. This ratio id oefine

equations-4 (20).

THotspot on,Cooler of f THotspot on,Cooler on 5-4

* —
ATHotspot - T —T
Hotspot on ,Cooler of f Hotspot of f ,Cooler of f
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The metric typically ranges from zero to oneAm*hotspm:l, the temperature increase
due to the hotspot is completely removedAZthotspoFO, the device is incapable of
removing that temperature. At values between land 0, the device demonstraiks parti
removal of the hotspot temperature. Values larger than one demonstrate aldavge
capable of providing temperatures lower than the no hotspot case. Negative values occ
when operating in the Joule heating dominate region (large currents) where the
temperature of the hotspot with the Cooler activated is larger than when the i€ oole
activated.

The efficiency of the bi-layer self cooling device is of important to thérm
engineers2.4.1 Power and Coefficient of Performance (COFprmulates the
coefficient of performance for conventional (leg) thermoelectric coolé&€Y.
Unfortunately, the non-uniform Joule heating cannot be calculated through the bulk
formulation in equatio2-13and2-14 Thus, the Power and efficiency must be calculated
in another manner.

This problem is solved in the simulation validate€id Thermal-Electrical
Model with Joule Heating and the Peltier Effect The Power can be found by finding
the voltage at the top Cooler surface (contains the constant voltage condition) and
multiplying it by the applied current as shown by equaficn

Power = Viypierl 5-5

The efficiency of the device cannot be calculated through a coefficientfofrpance
since the net cooling flux equation (equatibh4) uses the bulk Joule heating
formulation. However, efficiency is generally defined by the desired odipidied by

the required input (25). For the presented case, the desired output is the center hotspot
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temperature reduction and the required input is the Power. This metric is kballed t

Thermal Impact Factor (TIF) and is defined in equaiei(19).

ATHol:spol: 5-6

TIF =
Power

5.2.2 Mesh Convergence

The bi-layer self cooler is numerically simulated using the high order ANSYS
SOLID227 thermal-electrical element that contains Joule heating aneéltiez Bffect
couplings. This model has been validate€ia Thermal-Electrical Model with Joule
Heating and the Peltier Effect The validation test shows less than 1% error for Power
and less than 2.5 % (absolute value) between the numerical and analytical sadutions f
net cooling. This provides much confidence in the outputted results for the constant
voltage self cooler.

The symmetric boundary conditions and geometry create a symmetric
temperature and current distribution. Thus, a quarter model was simulated to gievide
results in5.2 Bi-Layer Numerical Resultsbecause quarter models can accomplish the
same relative precision that a full model provides with a quarter of the eement
Moreover, this reduction in element count translates into less computational time.

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. This is acsiuedpli
through the increase of the element count while the pertinent temperaturesoated.

For the work in this chapter, converged meshes contain element counts from around 20k

to almost 100k brick elements. This brick element shape is shokgure 100(50).
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Figure 100: High Order Brick Element Shape Used foBi-Layer Self Cooler

The meshes contain a high element density near the hotspot and Cooler regions
since they contain the highest heat fluxes of the device. A sample mesh plot is shown in

Figure 101

ELEMENTS ' AN D

EC 30 2010
21:43:27

t Voltage Self Cooler

Constant Voltage Self Cooler

Figure 101: Typical Mesh plot of for Bi-Layer SelfCooler, Zoomed view of Cooler on right

The pertinent temperatures to this study are the center hotspot and center Cooler
temperature. These trends for the center hotspot and Cooler temperaturesessehe el
count increases are shownFigure 102andFigure 103for the 50@m die, 85%

Germanium, 140@m Cooler, and 4.6 amp case.
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Figure 102: Hotspot Temperature Mesh convergence f&00um Die, 85% Germanium, 140@m

Cooler, and I=4.6A
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Figure 103: Cooler Temperature Mesh convergence fas0Qum Die, 85% Germanium, 140um

Cooler, and 1=4.6A

The temperatures vary about @lover the element range tested which provides
confidence to pick the circled high order (SOLID227) element count for the constant
voltage self cooler. This point is chosen because it provides a balance betwean rela
accuracy and computational time. The run times for the above simulations are shown in

Figure 104
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Figure 104: Mesh convergence Time for 5¢0n Die, 85% Germanium, 140@m Cooler, and 1=4.6A

These trends for Power as the element count increases are sHeagurén105

for the 50@m die, 85% Germanium, 1406 Cooler, and 4.6 amp case.
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Figure 105: Mesh convergence Time for 5¢0n Die, 85% Germanium, 140@m Cooler, and 1=4.6A

5.2.3 Typical Bi-layer Temperature Distributions

The temperature distribution along the bottom of the germanium die is shown in
Figure 106for the 10@um die, 90% Germanium, and 358 Cooler case. These
temperature distributions are through the center of the die and consequently the
temperatures at position zero are the center hotspot temperatures used fordee me

discussed in earlier sections. The bi-layer self cooler is simulatedaugungyter model
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since the geometry and boundary conditions are symmetric. Thus, the negativegubsit
temperatures are mirrored from their positive counterparts to provide the enti

temperature distribution.

Bi-layer Typical Temperature Distributions
111
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Figure 106: Bi-layer Self Cooler, Temperature Alonghe bottom of the die, 10@m Die, 90%

Germanium, 35(um Cooler (Quarter model)

As shown above, the activation of the hotspot increases the peak temperature of the
device by about 4°8 reaching about 11F6. The application of 0.2A to the Cooler
reduces the middle hotspot temperature arourffC1Furthermore, the application of
0.88A and 1.5A reduces the temperatur€3dnd 1.8C respectively hinting at the
guadratic behavior of thermoelectric cooling.

The application of current to the germanium self cooling device produces a
complicated temperature profile around the center hotspot temperatureaféeme
inflection points in the temperature profile around the center of the hotspot. This fac

along with the symmetric temperature profile leads to two concentricwitiigshe
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inner-most consisting of slightly lower temperatures and the outer-mosstoognsif
slightly higher temperatures.
This temperature profile exists for all self coolers studied, includingahstant

current , the constant voltage self cooler, and the bi-layer self cooler.

5.2.4 Function of Current

The optimum performance is found through sequential parametric optimization of
the current, Cooler size, germanium percentage, and die thickness. Temperature
reductions due to the application of current to the bi-layer self cooling device
demonstrate a quadratic behavior as discuss2@imhermoelectric Cooler Net
Effects. At “low” current values the temperature decreases linearly due to ther Pelt
effect. At “large” currents the temperature increases due to Joule hddirsg there is a
current value that balances the Peltier effect and Joule heating which prinagdewest

temperature. This point is exemplified using the numerical results from thenlde,

90% Germanium, and 3pM Cooler case shown Figure 107.

Bi-Layer Self Cooler Temperature
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Figure 107: Bi-Layer Self Cooler, Hotspot and CooleTemperature for 100pm Die, 90%

Germanium, 35Qum Cooler
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The coefficient of determination {Rfor the hotspot and Cooler temperatures signify that
the curves show a strong quadratic behavior. This is true for all cases stadithe
below process is the same as demonstrate for the constant voltage self cootieg devi
discussed i13.2.4 Function of Current

The trend equation allows the determination of the minimum temperature as well
as the current that induces the effect. This is accomplished through a simpieagjmim
procedure starting with the general equation of a quadratic curve as shown ionequat
5-7.
T(I)=al®>+ bl +c 5-7
where:
T = temeprature ( °C or K)
I = current (A)
Figure 107 shows the coefficients “a,” “b,” and “c” are determined by curve fitting the
hotspot or Cooler temperature curve. Then, the above equation is differentiated and set

equal to zero to find the minimum temperature current. This value is shd@a® in

—b
Inin Temp — Iyr = % 5-8

The above current is subsequently placed back into eqiaiida find the minimum

temperature. This equation is showrbi.

Tminimum = T(Unr)min = alur” + blyr +c _ 5-9
The maximum temperature reduction is found by subtracting eqéafdrom the

temperature at zero current. This produces equ&tibh
ATwaximum = AT (nc)max = aluc” + blyc 5-10

The Power required to operate the constant voltage self cooling device is also of
interest. The Power metric is found by taking the voltage at the top Coolaresurfa
(contains the constant voltage condition) and multiplying it by the applied cagent

shown by equation.
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Power = Vipoter]
The results from the prescribed procedure are exemplified usipgni@e@, 90%

Germanium, and 3%@n Cooler case shown Figure 108

0.4 Bi-Layer Self Cooler Power
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y = 0.3220132%+ 0.0005616x - 0.0000766
R2 =0.9999998
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Figure 108: Bi-Layer Self Cooler, Power for 10fim Die, 90% Germanium, and 35@m Cooler

Figure 108shows the coefficients p§ “bp,” and “¢" are determined by curve fitting the
Power curve. Then, the minimum temperature current value (eq&a8ois substituted
into Power trend fit. This produces equat®tlwhich calculates the Power at the

minimum temperature and correspondingly the maximum hotspot temperaturgreduc

PowerAtTmin = P(IMT) = apIMTZ + bPIMT + Cp 5-11

The above procedure has many benefits over the practice of blinding applying
current values in the search of the maximum cooling and corresponding currenhfor eac
case (Cooler size, germanium percentage, and die thickness). These quasi-define
guadratic curves only require three current values which translates igtafecant
computational time savings. Moreover, using the above procedure delivers a auire ex
maximum cooling and maximum cooling Power than blinding searching for them. Thus,

this procedure is used to optimize the bi-layer self cooler as a function aftcurre
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The thermal impact factor determines the efficiency or the hotsppetatare
reduction divided by the required Power input to the device. The results from this
division are exemplified using the 0@ die, 90% Germanium, and 350 Cooler case

shown inFigure 109

5 00 Bi-Layer Self Cooler TIF
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I y = 14.2936984% 3639685
gi 300 R2 = 0.9861825
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|_
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0 0.2 0-4urrent (A) 0.6 0.8 1

Figure 109: Bi-Layer Self Cooler, Thermal Impact Fator for 100pm Die, 90% Germanium, 35@m

Cooler

As the current approaches zero, the denominator of eqiaé@pproaches zero, and
consequently, the thermal impact factor approaches infinity. As the currezdses, the
thermal impact factor decreases rapidly closely following a “powarttion with a
negative exponent. Moreover, if the current reaches a value which brings the constant
voltage cooling device into the Joule heating dominated region, the temperditbee wi

higher than the temperature at zero current, making equataregative.

5.2.5 Function of Cooler Size

Using a sequential parametric optimization technique, the current is optimized f
various Cooler sizes for one germanium percentage and die thickness atTdnéme
important trends outputted as a function of Cooler size are the temperatureoreducti

hotspot cooling effectiveness, power, and thermal impact factor.
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5.2.5.1Temperature Reductions

Temperature reduction and hotspot cooling effectiveness trends as a function of
Cooler size are outputted for each die thickness and germanium percehtagarel
similar to those found i8.2.5.1 Temperature Reduction and Hotspot Cooling
Effectiveness The temperature reduction as a function of Cooler size is due to the
tradeoff between the thermoelectric cooling effect and the thermal diffbsitween the
hotspot and Cooler (20). At small Cooler sizes, the thermoelectric codlany isflarge,
and translates into a large Cooler temperature reduction (20). However rthal the
resistance at this Cooler size is also large, and consequently, the hotgeratare
reduction is non-optimal (20). At very large cooler widths, the thermoeleotiitng
effect is small and the thermal resistance is small. These twosaifacslate into a small
hotspot and Cooler temperature reduction (20). Between these extremesigte® e
balance between the opposing effects that delivers the maximum hotspot cooling
reduction. The Cooler size at which this occurs for theudD8ie and 90% germanium is
350um. This optimal Cooler size is easily seen in blackigure 110that graphs the
maximum hotspot and Cooler temperature reductions as a function of Cooler size for the

100um die and 90% Germanium case.
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Bi-Layer Maximum ATHotspot and ATCooler
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Figure 110: Bi-Layer Self Cooler, Maximum Temperatue Reductions for each Cooler Width for

100um die, and 90% Germanium

Also, the maximum hotspot and Cooler temperature reductions for each die thickness
approach eachother at large Cooler sizes.
5.2.5.2Hotspot Cooling Effectiveness

The hotspot temperature effectiveness is another cooling metric of infesest
shown by equatiob-4, this metric is equal to the negative of the hotspot temperature
reduction over the difference between the hotspot on and cooler off case from the hotspot
off and cooler off case. The denominator changes insignificantly as a functlo of
Cooler size, and consequently, the hotspot temperature effectiveness densoastrate
similar, but negative, behavior to the hotspot temperature reduction curve. Detirognstr
this trend, the hotspot cooling effectiveness for theui08ie and 90% Germanium case

is shown inFigure 111and contains a maximum value of almost 0.78 at arBstboler

width.
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Figure 111: Bi-Layer Self Cooler, Hotspot Cooling Eectiveness for 10@m die and 90% Germanium

case

As a consequence of the hotspot cooling effectiveness sharing the same #t@ape at
hotspot temperature reduction curve, their optimum occur at the same Cooler size of
350um which is shown in black iRigure 110andFigure 111
5.2.5.3Power and Thermal Impact Factor

The power and thermal impact factor for the device at the maximum tempera
reduction for each cooler width was recorded. For the for themi@de and 90%
Germanium case, the Power and the thermal impact factor for each Goolatr s

maximum temperature reduction is showrrigure 112andFigure 113respectively.
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Bi-layer Power at Maximum ATHotspot
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Figure 112: Bi-Layer Self Cooler, Power at MaximumHotspot Temperature Reduction for 10¢m

die and 90% Germanium case
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Figure 113: Bi-Layer Self Cooler, Thermal Impact Fator at Maximum Hotspot Temperature

Reduction for 10Qum die and 90% Germanium case

It is interesting to note that Power is strongly quadratic as a functianreht (as
shown inFigure 108 as well as a function of Cooler size (as showfigure 112. The
thermal impact factor also demonstrates strong a “power” trend as a fuotctiorrent

(Figure 109 and Cooler sizeHigure 113.
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5.2.6 Function of Germanium Percentag:

Using a sequential parametric optimization techejdbe germanium percents
is parametrically optimized for one die thickr at a timeThe important trendas a
function of germanium percente are the temperaturesmperature reductis, hotspot
cooling effectiveness, power, and thermal impactoi.

The hotspot temperature as a function of germamieroentage is shown

Figure 114
113 Bi-Layer Hotspot Temperature
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Figure 114: Bi-Layer, Hotspot Temperature

The values at zero germanium percentage descdevice which consists of ze
percent germanium or 100% silic. Moreover, the silicon used for this study conta
high thermal conductivit(100W/mk) and is electrically insulatefihus, the device

this low extreme does not “self cool,” but rathses pure conduction to spread the |
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The values at 100% germanium describe a device which consists of zero percent
silicon, or 100% germanium constant voltage self cooler. This device is discussed in
detail in3.2 Numerical Results

Viewing the entire solution space at once, it is evident that the 100% germanium
constant voltage self cooler is not always capable of providing a lower hotspot
temperature than the 100% conduction only silicon device. However, the bi-layer self
cooler is capable of providing hotspot temperatures below that of the 100% silicon
conduction only device as well as the 100% germanium self cooler for all dkedbses
studied. The following metrics quantify these benefits.
5.2.6.1Temperature Reductions

As the germanium percentage is varied for each die thickness, a linear hotspot

temperature reduction trend is demonstrated as shoWwigbye 115
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Figure 115: Bi-Layer Self Cooler, Maximum Hotspot Temperature Reduction

At germanium percentage equal to zero, the entire die consists of only silicatgtmg
zero hotspot temperature reduction due to its electrically insulated natloe: At

germanium percentages, the current within the germanium percentage i€teahdiut
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because of the Peltier effect, the bi-layer is capable of producing arégorpaeduction.
As the germanium percentage increases, the current restriction decreasasjng the
maximum hotspot temperature reduction which eventually approaches that of the
constant voltage self cooler presente8.ia Numerical Results

The temperature reduction relative to the 100% germanium constant voltage self
cooler demonstrates an advantage of the bi-layer configuration. This meteftned in
equations-2. As the germanium percentage is varied for all die thickness statedle

116is outputted.
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Figure 116: Bi-Layer Self Cooler, Maximum Hotspot Temperature Reduction relative to 100%

Germanium cooler

The maximum temperature reduction as showhkigure 115increases as the

germanium percentage increases (absolute value). However, the thmeadirsy ability

of the high “k” bottom silicon layer decreases as the germanium percentageescrea
Thus, these two competing effects provide an optimum percentage which allows for a
hotspot temperature below that of the 100% germanium cooler as shown in black in the

above figure.
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The temperature reduction relative to the 100% conduction only silicon device
(ATh,si)) demonstrates another main advantage of the bi-layer configuration as shown by

Figure 117.
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Figure 117: Bi-Layer Self Cooler, Maximum Hotspot Temperature Reduction relative to 100%

Conduction only Silicon

Following the same tend causesAd$;,ce, there exist optimum germanium percentages
which provide temperatures below that of the 100% conduction only silicon device. The
optimum germanium percentages Adry,s; andATy,ce are shown to be identical. These
are 90%, 90%, and 85% for the 100, 30Qum, and 50Qm respective die thicknesses.
Thus, the bi-layer self cooler can produce temperature below that of the 100%
constant voltage self cooler as well as the 100% silicon conduction only device. These
facts provide a main advantage of the bi-layer self cooler.
5.2.6.2Hotspot Cooling Effectiveness
The hotspot temperature effectiveness is another cooling metric of infeyest.

shown by equatiob-4, this metric is equal to the negative of the hotspot temperature
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reduction over the difference between the hotspot on and Cooler off case from the hotspot
off and Cooler off case.

The denominator decreases as the germanium percentage increases duertoahe the
spreading of the high “k” bottom silicon layer. The numerator increaseszeco as the
germanium percentage increases as showkfidwe 115 These two effects describe the
general increasing trend. There is however an optimum percentage whichfatlaws
optimum hotspot cooling effectiveness as showkigyre 118 The optimum hotspot

cooling effectiveness values are shown by the black data points.
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Figure 118: Bi-Layer Self Cooler, Hotspot Cooling=ffectiveness

The optimum germanium percentage for this metric are 95%, 90% and 90% for the
10Qum, 30Qum, and 500m dies respectively.
5.2.6.3Power and Thermal Impact Factor

The power was recorded at the maximum hotspot temperature reduction and

demonstrates the trend showrfFigure 119for each die thickness.
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Figure 119: Bi-Layer Self Cooler, Power

As shown above, the electrical insulation of the 100% conduction only silicon device
requires no power to run. The Power does seem to increase linearly as th@wgarma
percentage increases. It however, remains below that of the 100% germdhioulee
for all germanium percentages studied. This is true for all die thicknegsdstiile
black data points are those at optimumA®y, ce andATy,s; (are evident at the same
germanium percentage).

The thermal impact factor determines the hotspot temperature reduction
efficiency of the bi-layer self cooler. It is defined in equaBeas the negative of the
hotspot temperature reduction divided by the power and its trend for each die thiskness i

shown inFigure 120
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Figure 120: Bi-Layer Self Cooler, Thermal Impact Fator
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Since the 100% conduction only silicon device requires no power to operate and creates
no hotspot temperature reduction, the thermal impact factor approaches dhimigd
by zero, which is undefined, and consequently is not graphed above.

Viewing all the die thicknesses together, it is apparent that the incréexspmpt
temperature reduction and Power translate into quasi-quadratic #dngs andATy,si
reach an optimum at high germanium percentages, and the corresponding theacial imp
factor’'s are shown in black in the above figure. Moreover, these data pointgyare la
than the 100% germanium self cooler which demonstrates a more efficient hotspot
temperature reduction. This is due to the bottom high “k” silicon layer whicly easi

spreads the heat due to the hotspot.

5.2.7 Function of Die Thickness

The die thickness is the last variable in the sequential parametric opitimiza
This variable demonstrates the full benefit of the bi-layer self coolene results are
compared to the 100% conduction only silicon device and 100% germanium constant
voltage cooler. The important trends as a function of die thickness are theatmge
reductions, the hotspot cooling effectiveness, power, and thermal impact factor.
5.2.7.1Temperature Reductions

The hotspot temperature reduction relative to the 100% constant voltage
germanium self cooleATy,ce) and 100% conduction only silicon devier(,,s;)
demonstrates a main advantage of the bi-layer self céodpme 121 demonstrates these
trends as a function of die thickness when the optimum valuesHigure 116and

Figure 117 are plotted together.
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Figure 121: Bi-Layer Self Cooler, Maximum Hotspot Temperature Reduction relative to 100%

Germanium cooler

The maximumATy,ce Values for the 1Q@m, 30Qum, and 50Qm are -0.3C, -0.9C, and -
1.22C respectively demonstrating a quasi-linear trend. The maxiniyy; values for
the 10@um, 30Qum, and 500m are -1.8C, -1°C, and -0.9C respectively demonstrating
a quasi-linear trend.

The above trends demonstrate that the bi-layer self cooler is capable dingovi
lower temperatures than the 100% conduction only silicon device as well as the 100%

germanium self cooler.

5.2.7.2Hotspot Cooling Effectiveness
Another main advantage of the bi-layer self cooler is the increase in hotspot
cooling effectiveness over the 100% conduction only silicon device and 100%

germanium constant voltage cooler. As shown by equétiyrihis metric is equal to the
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negative of the hotspot temperature reduction over the difference between the hotspot on
and Cooler off case from the hotspot off and Cooler off case.

Figure 122plots the maximum hotspot cooling effectiveness values for the bi-
layer self coolerKigure 118, 100% germanium self cooldfigure 50), and the 100%

conduction only silicon device.
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Figure 122: Maximum Hotspot Cooling Effectiveness

Smaller die thicknesses translate into larger (absolute value) hotspotdaemgper
reductions since the thermal resistance between the Cooler and hotspot reduces.
However, smaller die thicknesses also contain an elevated hotspot temperatare due t
their poorer spreading ability (20). Thus, there exists an optimum die thscrags
balances the opposing effects of heat spreading and temperature reductibor(2
bi-layer self cooler, this optimum was seen at thauBDthick die with a value of 0.94. It
is believed that if more die thickness were studied, the true optimum would be seen in
between 100m and 30Qm.

Moreover, the bi-layer self cooler provides larger hotspot cooling effectiveness

values than the 100% germanium cooler for all die thickness tested. This insnemse
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dramatic at the larger (1At and 30Qm) die thickness. This difference is due to the
increased spreading that the high “k” silicon layer provides to the devicavigrpiowers
the reduced hotspot temperature reductions of the bi-layer device.

Since the 100% silicon device cannot provide a hotspot temperature reduction, the
hotspot cooling effectiveness is equal to zero for all die thicknesses testedth&huis
layer self cooler is capable of removing the temperature rise due to thethotse
effectively than the 100% germanium self cooler and the 100% conduction only silicon
device.
5.2.7.3Power and Thermal Impact Factor

Figure 123is produced when the Power values at the corresponding germanium
percentages which produced the maximiii,ce andATy,si (are evident at the same

germanium percentage) are plotted together.
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Figure 123: Bi-Layer Self Cooler, Power at MaximumATy ge and AT si

The Power required to run the bi-layer self cooler increases as the die $kicktreases,
but generally remains below or at that of the 100% germanium self cooler.
The thermal impact factor determines the hotspot temperature reduction

efficiency of the bi-layer self cooler. It is defined in equaBeas the negative of the
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hotspot temperature reduction divided by the Poligure 124is produced when the
thermal impact values at the corresponding germanium percentages which produced the
maximumATy,ce andATy,s; (are evident at the same germanium percentage) are plotted

together.
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Figure 124: Bi-Layer Self Cooler, Thermal Impact Fator at Maximum AT ge and ATy si

Both the bi-layer and 100% germanium self cooler thermal impact factorsadecas
the die thickness decreases. The bi-layer thermal impact factor valtes $&4 for the
10Qum die and end at 2.5 for the 500 die. There is negligible difference in thermal

impact factor between the bi-layer and 100% germanium self cooler.

5.2.8 Thermal Contact Resistances

The previous sections describe the thermal advantage the bi-layer selfoseoler
the 100% conduction only silicon device and the 100% germanium self cooler. The bi-
layer self cooler also has a manufacturing advantage since the boitom Isyer is the
industry standard. However the attachment of the top germanium layer introduces a
thermal constant resistance which is explored below.

As an example of the performance loss caused by poor contact resistances the

geometry which provided the largest hotspot temperature reduction relatineet00%
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germanium self cooler was simulated. This geometry was thauiQooler size, 85%
germanium, and 5@0n die thickness. The bi-layer self cooler contained contact
resistances of TeKm?W, 1€® Km?/W, and 1& Km?/W.

The introduction of contact resistances was accomplished by creating a 5
volume between the required layers, and transforming the constant resistathegmal
conductivities in the “z” or upwards direction. The thermal conductivity in the planar
direction (“x-y”) was set to zero to eliminate any spreading withirctdmstant resistance
volume. This transformation is outlined in equatieh?2 for the 1& Km%W contact
resistance.

Volume Thickness 5e °m w
kconstant Resistance volume = Reontact = 1le-7Km2 =50 mK 5-12

14
The corresponding “z” direction thermal conductivities are 50W/m-K, 5 W/m# 05
W/m-K for the contact resistances of I ¢m%W, 16° Km%W, and 1& Km%W
respectively.

The hotspot temperature as a function of contact resistance is shown in

Hotspot Temperature
120
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0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05

Temperature (°C)
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Figure 125: Bi-Layer Self Cooler, Contact Resistarefor 140qum Cooler size, 85% Germanium, and

500um die thickness case

168



As the contact resistance increases, the hotspot temperature does alscsfgdte hot
temperature reduction relative to the 100% conduction only silicon device and 100%

germanium self cooler is also of importance. This metric is shoWwigure 125

10 ATy geand AT g
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Figure 126: Bi-Layer Self Cooler, Temperature Redution as a function of Contact Resistance for

140Qum Cooler size, 85% Germanium, and 50@m die thickness case

As the contact resistance increases, the hotspot temperature bengfittielti-layer

self cooler quickly is eliminated. As the thermal contact resistarinersased from zero

to 1*10° Km?%W, the hotspot temperature reduction relative to the 100% germanium self
cooler migrates from -1°2 to almost 7.8C. The hotspot temperature reduction relative

to the 100% silicon self cooler migrates from less tharf@td almost 8.%C. It is
consequently important to ensure good thermal contact between the silicon and

germanium if the full advantage (lower hotspot temperature and better hotspag cooli

effectiveness) is sought.
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Chapter 6: Conclusions and Future Work

This work builds on the thermoelectric self cooling foundation laid by Dr. Avram
Bar-Cohen and Dr. Peng Wang. It begins with the germanium self cooler whidheises
inherent thermoelectric properties of the n-type germanium substrata¢diate a
localized high heat flux zone. Peng and Bar-Cohen previously showed fib#.5
thermoelectric cooling at a 680 W/Eimotspot can be achieved through the sequential
parametric optimization of the self cooler. The presented work moved the teghnolog
forward by numerically determining the performance band of the selfraboteigh the
comparison of the current application boundary condition, namely a constant voltage and
a constant current. This comparison is appropriate because practicadelethvat apply
current never attain a constant current or constant voltage at thetesuinféact, they
behave in a manner which is between these two ideal boundary conditions

Following the performance band discussion, a meta-model is developed for the
germanium self cooler which combines a thermal analytical solution deterthioeigh
the separation of variables technique with the constant current numerical fdsailts.
numerical simulation is integrated into the analytical solution through thecatqt of
heat fluxes which are proportional to the total Joule heat multiplied by apgieopri
allocation factors. These allocation factors are found through a thpeeretess which
provides low discrepancies for all cases studied. Moreover, the outputted metasmode
capable of demonstrating the potential of the germanium self cooling technatbgyav
time span several orders of magnitude lower than running numerical simulations.

Finally a bi-layer structure is introduced that contains a germanium layepon

of an electrically insulated silicon layer with high thermal conductiVitys device
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contains a manufacturing advantage over that of the pure germanium selsao#dhe
bottom layer consists of the industry standard. The top germanium layer can then be
grown through chemical or vapor techniques or attached. Moreover, the silicon provides
a high thermal conductivity at the location of the hotspot providing superior thermal
spreading, translating into lower hotspot temperatures than comparable dEvees

conclusions reached in this work are summarized below:

6.1.1 Germanium Self Cooler Performance:

The Peltier effect occurs at current crossing surfaces. Moreover, thardonst
current and constant voltage boundary conditions generate different currenedextsiti
the cooler electrode/germanium interface. The constant current boundaryaconditi
provides a uniform flow of current at the interface whereas the constant voltage boundary
condition provides a high current flow in the corner of the electrode which quickly
decreases towards the center. This provides a thermoelectrically induced caldtspot
center of the electrode for the constant current boundary condition and a cold spot at the
corner for the constant voltage.

Since the hotspot is vertically centered below the cooler electrode, thartonst
current boundary condition provides higher temperature reductions as well as higher

hotspot temperature reductions than the constant voltage.

6.1.2 Germanium Self Cooler Meta-Model:

Despite generally very good agreement, small discrepancies were detbrmi
between the meta-model and the numerical results. It was found that the meltaanode

accurately predict the hotspot temperature reduction at optimum conditions Ovifi@.
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It was also found that the hotspot temperature reduction due to the introduction of the
hotspot at optimum conditions was within 0.0dfkhe numerical results. These small
discrepancies provide confidence in using the meta-model to quickly detehmine t

potential of the self cooling device.

6.1.3 Bi-Layer Self Cooler:

One of the main parametric variables, the germanium percentage, provides a clea
comparison to the 100% germanium constant voltage self cooler as well as the 100%
conduction only silicon device. As the germanium percentage increases, the hotspot
temperature reduction increases (absolute value) to that of the 100% germamstemnmtc
voltage self cooler due to the de-constriction of the current within the top germanium
layer. At the same time, the thermal spreading of the bottom high thermal corguctivi
silicon layer decreases. The tradeoff between these opposing effetds angamum
temperatures lower than the 100% germanium constant voltage self cooler and the 100%
conduction only silicon device. The bi-layer device can provide’€ 1dver hotspot
temperature when compared to the 100% germanium constant voltage self cooler and a
1.9°C lower hotspot temperature when compared to the 100% conduction only silicon
device.

The hotspot temperature rise in the bi-layer device due to the introduction of the
hotspot is dependent on the die thickness. As the die thickness increases, the hotspot
temperature reduction increases. However, at zero current, the hotspot terapeat
due to the introduction of the hotspot decreases. These opposing effects provide a die

thickness which demonstrates 94% elimination of the hotspot temperature rise.
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The quality of the thermal attachment of the germanium layer to the sidigen |
is investigated through the parameterization of contact resistanceise thetmal
contact resistance is increased from zero to TR®%W, the hotspot temperature
migrates from 1.2ZC lower, to 7.6C higher when compared to the 100% germanium only
constant voltage self cooler. A similar trend is shown for the hotspot temperagme wh
compared to the 100% conduction only silicon device. It is thus important to ensure good
thermal contact between the die layers if the optimum performance of tagebdievice

is sought.

6.2 Future Work

The presented work pushes the self cooling technology forwards through the
description of the performance band, the meta-model, and the bi-layer device. There is
however, more work that needs to be done to develop this novel hotspot remediation

technique from a research project into a standard industry thermal solution.

6.2.1 Experimental Validation:

This work relies heavily on numerical simulations of the thermoelectecteff
within a germanium chip. Even though this numerical technique has been proven to
provide a reliable prediction of real life phenomena, a physical self coolmagierent is
worth undertaking. This experiment will provide insight into the true physics of the
device that might not be clear in the numerical simulations. Such experimeriiisalyill
begin with the self cooling of a highly doped silicon chip since the techniques asd skill

required to accomplish the task have been studied and validated vigorously. A detailed
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study of the germanium self cooler will subsequently follow because it isteatused

for electronic packages.

6.2.2 Bi-layer Comparisons

The bi-layer self cooler is compared to a 100% germanium self coolerlas\ael

100% silicon device that only employs conduction within the die to remediate hotspots.
In the latter comparison, the germanium percentage for constant die theskisegaried

and compared to the equivalent non-self cooled silicon device die thickness. It is
proposed that a new comparison should be developed to more accurately describe the
advantage of attaching a germanium layer onto a silicon die. In thisamepadson, the
silicon layer thickness will be constant and the germanium layer thicknlébg waried.

The results from this bi-layer device will then be compared to the non-selticilden

device with die thickness equal to the bi-layer’s silicon layer thickness.
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Appendices Introduction

A large percentage of the presented work relies on the Finite Element Mpdeli
(FEM) commercial software, ANSYS. Consequently the appendix is dedicated t
providing a brief introduction to the theory as it applies to heat transfer proatewsl|
as providing a detailed description of the thermal-electric model.

Appendix A FEM Phasesdescribes the main phases and sub steps of any FEM
analysis. The vehicle for this explanation was a thermal example ofradayall with
convective boundary conditions from Moaveni’'s book titled “Finite Element Analysis;
Theory and Application with ANSYS”. The three main phases are the “Preprocessing
phase,” the “Solution phase,” and the “Post-Processing Phase” and all contaahsdver
steps (54).

Appendix B The Thermal-Electrical Model provides a model for thermoelectric
devices by coupling thermal and electrical effects. The thermal effdetermined by
the heat diffusion equation and the electric effect is determined by the conthuity
electric charge (9) (55). These two effects, thermal and electieatun simultaneously
and coupled with Joule heating and the Peltier effect.

The previous sections discuss the pertinent models that are necessary to analyze
thermoelectric deviceg®\ppendix C ANSYS 12.0 Thermal and Electrical Validationis
dedicated to validating the models so thermoelectric devices can be analpaYS
12.0 with confidence. Analytical and numerical solutions are created for all srenutl
compared. The validation begins with the thermal model using the residential wall
example discussed Appendix A FEM Phases Then the electrical model is validated

using several resistors in series. Both of these models contain no differemeerbthe
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analytical and numerical solutions. This provides confidence in moving forward to
validating their coupling mechanisms. The first coupling mechanism discwsseJoule
heating using an infinite slab problem with constant temperature sides andnunifor
current running through it. The second coupling mechanism is the Peltier effast a
studied along with Joule heating, since they occur simultaneously in thermoelectr
devices. A conventional one leg thermoelectric cooler is studied and liteeeditie (less
than 3% for all metrics) is found between the analytical and numerical solutions.
FEM analysis, and more specifically ANSYS 12.0, is a valid method in analyzing

thermoelectric devices since it is rooted in the same theory as the alagtiations,

and provides little difference between the analytical and numerical soluticai$ for

models and coupling mechanisms concerned.
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Appendix A FEM Phases

A FEM analysis can be broken up into three phases which are the “Preprocessing
phase,” the “Solution phase,” and the “Post-Processing Phase (54).” Theseduhase
necessary occur in a linear fashion as presented here. The analysisunayseveral
iterations of certain phases, and thus creates a looped pattern. This loop has beén omitt
in the presented discussion for simpliciygure 127 displays the simplified linear order

of the phases.

Post-

Preprocessor
Processor

Phase

Phase

Figure 127: Simplified FEM Analysis Phase order

Each of the above phases contain sub several steps. These steps have been grouped under
their respective phases, but it important to note that this organizational ssheme i
intended to convey the main steps in an FEM analysis. The steps do not necessary occur
in the order that they have been presented.
The vehicle for tls explanation of the analysis was a thermal example of a
layered wall with convective boundary conditions from Moaveni’s book titled “Finite
Element Analysis; Theory and Application with ANSYS.” Even though the solution to
this problem is well known, its simplicity provides the perfect case to demortsigate

main FEM steps and a good foundation to understand the thermal-electrical model.
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A .1.1 Preprocessing Phase

The preprocessing phase of a FEM analysis is the first main phase andscontai

several sub steps. They are listed below
1. Build the geometry
2. Mesh the geometry
3. Assume a solution
4. Develop element conductance matrix
5. Assemble global conductance matrix

The above list has been pictorially representdeéignre 128

Preprocessor
Phase

Build Geomotry Mesh Geometry

Assemble Global Develope Element . .
Find Underling
Conductance Conductance Phenomena
MAtrix Matrix

Figure 128: Preprocess sub steps

A.1.1.1Build Geometry

The first sub-step in the preprocessor requires the construction of the geiometr

guestion. This can be accomplished through CAD/CAM software, and then imported into

FEM software such as ANSYS, or done directly in the FEM software.

The example that will be used to explain the analysis is a residential wall wi

several layers. These layers account for the siding, sheathing, insulation bdtg and t
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gypsum board of the wall and accordingly have different thicknesses and thermal
conductivities (54). The following analysis will provide the through thickness
temperature distribution far away from the corners or sides of the walls. adsight
and through the page length of the wall can be assumed to be infinite. This provides
significant simplification to the example by creating a dimensional problée

simplified model has been presented in Figure 129.

e
Ta’ ha Siding Sheathing Insulation|  Gypsum Tb’ hﬂ
Batt Board
k2 k3 k4 k5 ,

A
v

Figure 129: Simplified one dimensional residentialvall

A.1.1.2Mesh Geometry

The next step in the Preprocessor phase is to mesh the geometry. This requires the
geometries to be discretized into elements of dimension equal (in geodlal) of the
geometry. The residential wall is one dimensional, and as such, the elemexits airee
dimensional.

The edges of each element contain at least two nodes. Each node contains one to
several degrees of freedom, which are unique to the problem at hand. The degree of

freedom for the wall is temperature and the elements only contain two nodes.
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Meshing the wall produces Figure 130 where the black dots are the nodes and the

numbers represent the number of each element.
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Figure 130: Mesh of Residential Wall example

There is only one element per wall layer because it is known that the temperature
distribution is linear (equatio®-7). Moreover, the two nodes in each element create a
linear temperature distribution which approximates the true temperatureuish.
Thus, more elements per residential wall layer would only increase cogpiute.
A.1.1.3Find Underling Phenomena

Assuming the correct solution requires understanding the underlying phenomena
associated with the problem at hand. For inside the wall (elements 2 through 4), it has
been well known that the temperature distribution is described by conduction. The
Fourier Law (equatiog-7) describes conduction and the equation has been displayed
below for convenience as equatidnl.

" Tz - Tl AT
Qrourier = AcQrourier = —kAc a = kAc ] = kA¢ T A-1
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The sides of wall (element 1 and 6) contain convective boundary conditions. Convection
is governed by Newton’s law of cooling and this equation has been displayed in equation

A-2(9).

— 1" —
QConvection - ACQConvection - hAC(TSurface - TAmbient) A-2

where:

w
h = Heat Transfer Coef ficient (ﬂ)

Tsurface = Temperature of Surface with convective boundary(K)
Tampient = Temperature of Ambient Fluids of (K)
A.1.1.4Element Conductance Matrix

The FEM analysis requires applying the physics to a generic element ahtbe s
type as chosen by the previous sub-step (Meshing the geometry). For insidd the wal
(elements 2 through 4), the elements contain two nodes, each with one degree of freedom
(temperature). Applying equatida 1 to the generic element on the inside of the wall

(elements 2 through 4) creatégure 131

T; .
T, —T; ! Ti+1 T . —T
i i+1 @ @« : Qi+1 — kAC L+1l i

Figure 131: Generic Conduction Element with assumpdn (54)
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It is important to note that for tHagure 131, energy is conserved, that is the sum of the
heat flow (Q + Q+1) equals zero (54). The heat flow equations can be grouped into

matrix form as shown below. (54)

Qi) _kAcr1 —-1(T; -
{Qi+1} o [—1 1 ]{Ti+1} fornodes i = 2,3,4

The above equation demonstrates the application of the physics onto the generic
conductive conductance element and demonstrates the only assumption in the entire FEM
analysis. Thus understanding the phenomena as well as choosing the correctfetfement
the given problem is of utmost importance.

The generic element is often in terms of the thermal transmittance wodffic
“U.” The equation for the U-factor has been displayed below.

U_k
Tl

This reduces the generic conductive conductance element to eqialidb4).

Qi) _ 1 —-1(T N
{Qi+1} = U4 [—1 1 ]{Ti+1} for nodesi = 2,3,4 A

For the convective elements, a generic element must also be createcaméhe
spirit that was done to create equatfor8, equationA- 2 (Newton’s law of cooling)
must be used to generate the generic convection conductance element displayad below

equationA- 4 (54).

Qi) _ 1 —11( T o
{Qi+1} = hA, [_1 1 ]{Ti+1} fornodesi=1&5 A4

The above equality assumes that both sides of the element contain convective tgundarie

which according to the example, is untrue. However, the application of the boundary

condition (T, and T,) will eliminate the unneeded boundary condition and represent the
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example problem statement (54). The U-factor can also be used to simpgntrec
convective conductance element (54).
U=h

This reduces the generic convective conductance element to eqiafi¢h4).

Qi) _ 1 -1(T o
{Qi+1} = UA, [_1 1 HT1+1} fornodesi=1&5 A5

EquationError! Reference source not found.Error! Reference source not foundand
equationError! Reference source not found.Error! Reference source not fouh both
contain the same center matrix that is called the “Element Conductande’ dadt has

been placed below in equatidén 6 (54).

[K]¢ = UA, [_11 _11]t A-6

A .1.2 General Conductance Matrix

EquationA- 6 must be applied to each element and assembled into a global
conductance matrix. This process starts by initiating the global conductatige which
is an N X N matrix where N equals the number of nodes. This general matrix has been

presented below multiplied by the temperature matrix.

[KI°°[T] = UA,

cococococoo
coocoocococo
coocoocococo
cocoococooco
coocoocococo
coocoocococo
coococo oo
o3

The below conductance matrix is for element 1.
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[K]lG = U A

SO OO O oo
S o OO O oo
SO O OO OO
S OO OO oo
SO OO O oo

I
o O O oo
SO OO O

The below conductance matrix is for element 2.

0 0 0 00 0 0
0 1 -1 00 0 O
0 -1 1 00 0 O
KI*=U,4,]0 0 0 0 0 0 0
0 0 0 0O0O0 O
0 0 0 0O0 0 O
0 0 0 0 0 0 O

The above pattern follows for each element. The elements are then asserolilesl int

global matrix by summing the above matrices (54). This process has been placed i
equationA- 7 (54).

[K]¢ = [K]* + [K]?¢ + [K]*¢ + [K]* + [K]*>C A-7

The above addition was completed on the global conductance matrix and shown below as

equationA- 8 (54).

‘U, -U, 0 0 0 0 0 1
U, U, +U, -U, 0 0 0 0
0 —U, U,+U; —Us 0 0 0
[K]S = A.| O 0 ~U; Us+U, -U, 0 0| as
0 0 0 ~U, U,+Us —Us 0
0 0 0 0 —Us Us+Ug —U,
L0 0 0 0 0 ~U, U, |

A .1.3 Solution Phase

The solution phase of a FEM analysis is the second main phase and contains two

sub steps. They are listed below
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1. Apply boundary Conditions
2. Solve

The above list has been pictorially representdeigare 132

Solution Apply

Boundary

Phase Conditions

Figure 132: Solution Phase Sub Steps

A.1.3.1Apply Boundary Conditions
The application of the boundary conditions requires recalling the general

conductance matrix (equatida 8). It has been displayed below.

‘U, U, 0 0 0 0 0 1
U, U, +U, -U, 0 0 0 0
0 —U, U,+Us —Us 0 0 0
[K]¢ = 4.| 0 0 —U; Us+U, -U, 0 0
0 0 0 U, U,+Us —Us 0

0 0 0 0 —Us Us+Ug —U,

0 0 0 0 0 U, U, |

The above matrix assumes that the convective element contains two convective
boundaries. However, the example problem statement, demonstrates that there are
constant temperatures at the exterior nodes of the mesh. Thus, the convective ®undarie
that do not match the problem statement must be eliminated. This process was done
below, and it can be seen thateiuals T and T, equals | which matches the problem

statement (54).
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_1 .
la, O 0 0 0 0 0 (Tﬂ o

_Ul Ul + U2 _U2 O O 0 0 TZ O

O _Uz U2 + U3 _U3 O O O T3 O

AC O O _U3 U3 + U4 _U4 O O T4 - O

O O O _U4_ U4_+U5 _U5 O |T5 | 0

0 0 0 0 _U5 U5 + U6 _U6 T6 0

| 0 0 0 0 0 0o 1, ] \r,)

After the top row is deleted and the highlighted portions of the above equality

have been moved to the right side, the bottom equality is produced (54).

Ul + UZ _U2 0 0 0 (Tz\ (UlAch\
[ _Uz U2 + U3 _U3 O 0 -| T3 O
AC 0 _U3 U3 + U4 _U4 0 T4 = O
0 0 _U4 U4 + U5 _US T5 0

0 0 0 “ug vs+ud\r)  \veacr,)

This produces the general equality in which all steady state heat tnardfeems are
solved. The general equation says that the general conductance magithéme
temperature matrix equals the heat flow matrix. The general equalityterdlament
formulation has been displayed in equa#ord.
[K]°[T] = [Q] A-9
A.1.3.2Solve

All FEM steady state heat transfer problems are reduced to egAa®oand then
solved for their DOF (temperature) (54). For the residential wall exatmmecan be
done easily by inverting the general conductance matrix as shown egiration
[T] = [K]°'[q] A-10
A.1.3.3Post Processor phase

The last phase entails obtaining any other relevant information. Of course this
depends on the problem at hand, but for the residential wall example, finding the heat
transfer through an element (equatinll) or through the entire structure (equation

12) is also of importance (54).
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Q = UA(T;y, — T;)for nodes i = 1through 6 A-11
Q = UrotaA(Ty — T7) A-12
It is important to note that since the example is steady state with no heatiganéhe
above two equalities should equal each other due to conservation of energy (54).
A.1.3.4FEM Phases Summary

The vehicle for the explanation is an example of a layered wall with convective
boundary conditions from Moaveni’s book titled “Finite Element Analysis; Theory and
Application with ANSYS”. The three phases, Preprocessor, Solution and Post Pigcessi
phase are discussed. This includs building the geometry, meshing the geomatmn@ss

a solution, solving, and obtaining any other relevant information.
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Appendix B The Thermal-Electrical Model

The thermal-electrical model allows the thermoelectric cooler (Te&G¢ studied
using FEM analysis. This is accomplished by coupling thermal and eléeffeets
determined by heat diffusion and the continuity of electric charge respgctive

The underlying phenomenon that governs both heat diffusion and the continuity
of electric charge are presented and discussed. These two equations are thdn couple
together using Joule heating and the Peltier effect to have the capacitetilgor
analyze a thermoelectric device. The Galerkin FEM procedure is then useeltipdee
thermal-electric finite element equation. This procedure includes ap@yEmperature
and electrical potential assumption throughout the elements, which creates the only

assumption used in the FEM analysis.

B.1 Underlying Phenomenon

The underlying phenomenon of thermoelectric coolers (TEC) relies on the
coupling of two main effects. This model consists of the thermal and eletégt. 8he
thermal effect is determined by the heat diffusion equation (9). The eleffect is

determined by the continuity of electric charge (55).

B .1.1 Heat Diffusion

The heat diffusion derivation is out of the scope of this work, but can be derived
from a differential control volume in which the energies entering, leavimgg be
generated, and stored are placed in the conservation of energy equality (@sultieg

equation has been displayed below in equasiof (9).
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a(k 6T)+6<k 6T)+6<k 6T)+ o COT
ax\*ax) Tay\"vay) Tz "2 5,) T TP B-1

where:

w
k; = thermal conductivity in i dirrection (E)
w
q"" = volumetric heat generation ($>
. (kg
p = density (ﬁ)

Cp = specific heat capacity at constant pressure (kg_K)

The terms on the left of equation B- 1 account for heat diffusion through the medium.
The last term on the left accounts for heat generation and the term on thecahita

for the amount of energy stored in the system over a period of time. It is customar
shorthand equatioB- 2 by using the del operator shown in equatrB (56).

0

9]
V[a]——ax+aay+ a, B-2

dx 9z
Using the dell operator (equati@ 2) on the heat diffusion equation (equati®nl)

results in equatioB- 3.

oT
V- ([K]V[TD +q"" = pCPE B-3
where:
W k, 0 0
[K] = thermal conductivity (—) =|{0 k, O
mk
0 0 k,

[T] = Tempearture (K)

B .1.2 Continuity of Electric Charge

The electrical effect is dependent of the continuity of electric charge. The

continuity of electric charge has been displayed in equBtah(55), (50).

V-([]]-%—]t))zo B- 4
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where:

A

[J] = electric current density vector (W)

2
The constitutive equations for the electric current densify §nhd electric flux density

C
D = electric flux density vector (m_>

vector D) are useful to the presented work and have been displayed in edg+abi(bb)

(50).
[J1 = [o][E]
B-5
[D] = [€][E]
where:
A o 0 O
[o] = electric conductivity matrix (—2) =(0 o, O
m
0 0 o
m Vx
[v] = velocity vector (s_z) = [vy]
UZ
F €x
[€] = electrical permittivity matrix (—) =10 € O
m
0 0 e

vV
[E] = electric field intencity vector (E)
In the absence of a time varying magnetic field, the electric fieldsityevector (E])
becomes equatidB- 6 (55).
[E] = —Vo B- 6

where:

@ = electric scalar potential (V)

B.2 Coupling of Thermal and Electric Effects

The two effects discussed above are the thermal (equati®nand the electric

effect (equatioB- 4). These two equations have been displayed below for convenience.
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oT
pCy =z =V (KIVIT]) = "

The first equation describes heat diffusion and the second equation describes the
. . . . . D,,.
continuity of electric charge. The displacement current term in the second)e(@za)tl

accounts for fast transient responses and has been included for completeness (55)
The above equations account for each effect independently, and their coupling

mandates that the diffusion equation be in a simpler form. The heat diffusion equation

can be simplified using the below equality.

q=—([K]V-[T])

This produces the simplified diffusion equation demonstrated in equetion

aT n
pCPE+V-q=q B-7

As described above for the un-simplified heat diffusion equation, equgtiddoes not
directly take into account the joule heating associated with running current tlarough
conductor or the Peltier heating and cooling effects. These coupling efiedie
accounted for by providing a new heat flow equality demonstrated in eq8at&}{b5),
(50).

q = T[a][J] = (IK]V[T]) B-8
S

1) —~
Joule Heating, Peltier Heat Diffusion
Heating and Cooling

where:

T[a] = peltier coef ficient matrix (V)
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v 0 S, 0 0
[a] = seebeck coef ficient matrix (E) =0 a Of=]0 S, O
0 0 a 0 0 S,
In equatiorError! Reference source not found.Error! Reference source not foush,
there are two terms on the right hand side that are of important to discusssiTteerfir
accounts for heat generation (Joule heating) as well as Peltier readicgoling (Peltier
effects). The second term accounts for heat diffusion.

The continuity of electric charge (equatiBn4) needs to be coupled to the heat
diffusion equation through Joule heating and the Peltier Effects. This is done by updating
the electric current density vector (equatib) to contain the electric power to work
against the Seebeck field (55) as shown in equ&ich
U1 = [o]([E] = [a]V - [T]) B-9
The electric power to work against the Seebeck field is the second term botee a
equation.

EquationsB- 6, B- 7, B- 8, andB- 9 are now placed into equatioBs 4 andB- 6

to produce the coupled equations of thermoelectricity (55). These equations have been

displayed in equatioB- 10andB- 11 (55), (50).

oT B- 10
Pl + V- (Tl JD = V- ([K] - V[T]) = q""
v-([e] -vg—‘f)+ V- (o] [«V-[T]) + V- ([o] - Vo) = 0 B- 11

Similar to the thermal example givenAppendix A FEM Phaseswere the Fourier law
and Newton’s cooling law were the phenomena for that analysis, the above equations
constitute the thermal-electrical phenomenon that FEM places on the arabaiettly

analyze thermoelectric devices.
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B .2.1 Finite Element Formulation

Finding the finite element formulation was accomplished using the Galerkin FEM
procedure which includes the following steps (55), (57):

1. Approximating the temperature and scalar potential over a finite element
2. Writing the system of equations (equat®nllandB- 12) in a weak
projective form. This means that the two effects must be iteratively run at
least two times to reach convergence (55).
3. Integrating the projective equations by parts
4. Taking into account the Neumann boundary conditions
The first step creates the following element equations for temperatureadend sc

electrical potentials (55).

T=N-T,
@=N-q
where:

T = Temperature distribution of thermoelectric (K)

¢ = vector of nodal electrical potentials

N = vector of element shape function

T, = vector of nodal temperaturess

As discussed in the simple thermal exampla ib.1.4Element Conductance Matrix,

the aboveequations constitute for the only assumption for the entire FEM analysis.

A .1 The other steps in the Galerkin FEM procedure are out of the scope of this work
and produce the following finite element equation, equdiob? (55), (50). This

equation is then extended to include the entire geometry (analoghus.@General

Conductance Matrix) and then solved similarly to the discussioriril.3 Solution

Phase
; -12
S coollgr tleer goellr] =107 %] o
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where:

K™ = thermal stif fness matrix = fNT [K]NdV
v

K®?® = electric stif fness matrix = fNT[a]NdV
v

K®T = seebeck stif fness matrix = fNT[a] [c]NaV
v

C™™ = thermal dampining matrix = p f CNTNdV
v
C?®? = dielectric dampining matrix = fNT[e]NdV

4
Q = vector of combined heat generation loads

QP = Peltier heat load vector = fNTT[a] [Jlav
v

Q¢ = electric power load vector = fNE- [J]dv
v

W k, 0 0
[K] = thermal conductivity matrix (—) =10 k, 0
mk
0 0 k,
o 0 O
[a] = electric conductivity matrix (—2) =10 o, 0
m
0 0 o,
o e 0 0] e 0 0
[a] = seebeck coef ficient matrix (E) =0 a Of=]0 S, O
0 0 af [0 0 s,
Tla] = peltier coef ficient matrix (V)
€ 0 O
[€] = electrical permittivity matrix (—) =10 € O
0 0 e

It is important to note that equati@ 12 allows for thermoelectric devices in general to

be analyzed.

B.3 Summary of Thermal-Electrical Model

The thermal-electrical model accounts for both thermal and electrieatefiy
coupling them together with Joule heating and the Peltier effect. Thus, it cadie re

used for thermoelectric devices. The thermal and electrical effectdetermined by heat
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diffusion and the continuity of electric charge respectively. Furthermae, th
thermoelectric finite element equation is then simplified and compared teHuy state

thermal finite element equation to discuss its similarities and diffesen
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Appendix C  ANSYS 12.0 Thermal and Electrical Validation

Trusting ANSYS to deliver accurate and repeatable results underpins the
presented work, and as such requires validation of all presented numerical models. The
numerical models validated are the thermal, electrical, and thermaiezecoupled
models.

The numerical solutions are found by using three dimensional elements, negating
edge effects, and applying the appropriate properties and boundary conditions. The
numerical solutions use three dimensional elements because the presenteiegook r
three dimensional structures and thus three dimensional elements. The edgaeffec
negating in order to accurately compare the numerical solutions to the ahalytica
solutions. This is accomplished by simulating the lengths and heights (thegeartoe
create a square slab) almost two orders of magnitude larger than the widgjn tvioch
the information is recorded. The heights and lengths these are equal toquasate s
slabs. Moreover, the information is recorded through the middle of the slabs to furthe
negate any edge effects.

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. This is dameniygyr
the simulation several times with increasing element counts (increasisty density).
However, for each model, the numerical solutions for each mesh follow the same
discretized curves. This places the distributions on top of the each other. Thus curves
containing information as a function of element count and distance through the slabs is

contained in Error! Reference source not found.Error! Reference source notEowand.

196



Reference source not found.Error! Reference source not found. This section also
contains contour plots of the slabs for each model.

The thermal model is validated by using the residential wall example skstirs
Appendix A FEM Phases The analytical solution is developed from the conservation of
energy. The electrical model is validated in a similar fashion usirgjoesconnected in
series. Both of these experiments show no difference between analytical amgalume
solutions. Thus the numerical (and more specifically ANSYS 12.0) thermal andcalectr
models are valid. This provides confidence and allows the study of the couplinghetwe
the two models.

The coupling between the thermal and electrical model is then verified. Tlee Joul
Heating coupling effect is validated through an infinite slab with constant side
temperatures and uniform current running through it. As before, this experiment shows
no difference between the analytical and numerical solutions. Thus the nuizerica
more specifically ANSYS 12.0) thermal-electrical model with JouletiHg@&oupling is
valid.

The Peltier coupling effect in the thermal-electric model is validated as
conventional one leg thermoelectric cooler. Analytical and numerical solutionserequi
the Joule heating coupling effect since both coupling effects occur simultangously
thermoelectric devices. The analytical solution uses the equations discu€segbier
2:The Thermoelectric Cooler The comparison between the analytical and numerical
solutions shows little difference. Thus the numerical (and more specifiddfy’S

12.0) thermal-electrical model with Joule Heating and the Peltier efbegting is valid.
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This validation process provides confidence in using the ANSYS 12.0 thermaleelectri

model to analyze thermoelectric devices.

C.1 Thermal Modedl Validation

The ANSYS 12.0 thermal model is validated using the residential wall example
discussed iMppendix A FEM Phases A figure of the one dimensional simplification of

the wall has been presentedHigure 133

—
Ta' m Siding Sheathing Insulation|  Gypsum Tb’ hﬂ
Batt Board
k2 k3 Ka Ks ,

A
v

Figure 133: Residential Wall Geometry

The material properties (9), geometry, and boundary conditions of the resideriteiewal
presented iable 12 The cross sectional area of the geometry is £00m

Table 12: Residential Wall Material Properties, Georetry, and Boundaries Conditions

Thermal Heat Transfer
Temperature
Conductivity Length (m) Coefficient
(°C)
(W/mK) (W/m?K)
Siding 0.1 0.025 - -

Sheathing 0.04 0.0575 - -
Insulation 0.02 0.15 - -
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0.17 0.0175 - -

Ta - - -5 -
Tb - - 25 -
M - - - 20
hp - - - 5
The unknowns for this problem are the temperatures at the interfaces of theyerallas

well as the wall temperature distribution. These temperatures areallgtogpresented

in Figure 134 with the interface numbers inside of parenthesis.

(1) (2) 3) (4) e
'
Ta, he T, T3 T4 Ts Ts Th, ho
® o ) o o o ®
7

—

Figure 134: Unknowns for Residential Wall

Analytical and numerical solutions are developed for the residential walktatare

distribution.

C .1.1 Analytical solution

The analytical solution requires using the conservation of energy at eatécmter
The general conservation of energy equation of a differential control volume Imas bee
presented below (9).
Ein — Eout + Egen = Estorea
where:

E;, = energy entering the control volume = (W)
E,.: = energy leaving the control volume = (W)
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Egen = energy generated in the control volume = (W)

Estoreq = energy stored in the control volume = (W)
The above equality accounts for energies entering, leaving, being gdnaratestored in

a control volume (9). For the current analysis on the interfaces of the wadl atleeno
generating energies and the problem is steady state. This allowstttveolguantities in
the above equation to be dropped creating equ@tidn
Ein = Eoue C-1
The below equality is developed using equatieri for the first interface with
convective boundary heat transfer coefficiepaiid ambient temperature Ta.

— T2

T3
hoAc(T, — Tg) = kq Ac _l
1

This is done for each interface and provides five equations with five unknowns which can
be easily solved. The solution to this analytical problem has been prese@ted3n
Analytical and Numerical comparison

The analytical solution as currently stated only provides the temperatures at the
interfaces, not the entire distribution through the individual layers. However,rsince
energy is being generated or stored, the temperature distribution withiragects|
linear (9). Thus the distribution can be constructed after the interface sg¢orperare

found by connecting the temperatures with straight lines.

C .1.2 Numerical solution

A numerical solution of the temperature distribution of the residential is
developed in ANSYS 12.0 using the thermal element Solid70 (50). The numerical
solution geometry shown igure 135has a 100fcross sectional area and a 0.25m

width.
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Figure 135: Numerical Geometry of Residential Wall

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. Thus a graph of the
temperatures at the layer interfaces as a function of element count rsistégure

136

Mesh Convergence
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Figure 136: Residential wall, Numerical Solution Meh Refinement

The curves show no dependence on element count. Screen shots of the entire

temperature distribution are shownHigure 137.
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Figure 137: Residential Wall, Numerical TemperatureSolution

C .1.3 Analytical and Numerical comparison
Following the prescribed procedures for both the analytical and numerical

solution, results were calculated and comparelhinle 16

Table 13: Residential Wall, Analytical and NumericalResults Comparison

Analytical Numerical

Difference
Value Value
T1(°C) -4.843 -4.843 0.00
T, (°C) -4.057 -4.057 0.00
T3 (°C) 0.464 0.464 0.00
T4 (°C) 24.05 24.05 0.00
Ts (°C) 24.37 24.37 0.00

The above table shows no difference between the analytical and numenjgatatires
at the interfaces of the layers. The analytical and numerical temedistributions

through the layers are compared-igure 138
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Analytical and Numerical Comparison of
Through Wall Temperature

Temperature (°C)

0.00 0.05 0.10 0.15 0.20 0.25

Distance through wall (m)

© Numerical Results === Analytical Results

Figure 138: Residential Wall, Analytical and Numeri@l Results Comparison

Table 13andFigure 138demonstrate that the numerical temperatures predict the
analytical temperatures exactly and consequently that the FEM (andpeoifecally

ANSYS12.0) numerical thermal model is valid.

C.2 Electrical Modd Validation

The ANSYS 12.0 electrical model is validated using a simple circuit containing a
voltage source and four resistors connected in series. A figure of thiscaledtcuit has

been displayed ifigure 139
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Figure 139: Electrical Model Circuit

The circuit properties have been displayedable 14

Table 14: Electrical Circuit Properties

Resistance
Label Voltage (V)
()
R1 1 -
R, 6 -
R3 1 -
R4 6 -
V - 2.5

The unknowns found in the analytical and numerical solutions are displayatlan15

Table 15: Electrical Model Circuit, Unknowns

Label

C .2.1 Analytical solution

The analytical solution to the electrical circuit is rooted in Ohm’s law. Simgple
equality relates the voltage, current and resistance and has been displayetian €qua

2 (58).
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V = IRgiectrical

where:

V = voltage (V)

Riiectrical = electrical resistance ()
I = current (A)

The above equality allows the calculation of current for the whole circuit giece
current is shared by all the resistors. However, the total resistancéerfosind
following equationC- 3 (24).

Rrotat = R1 + Ry + R3 + Ry C-3

Then, the voltage drop across each resistor can be calculated using efjwation
Reference source not found.Error! Reference source not foundsing the resistor’s
voltage. This operation however, only produces the voltages at the interfaces. @ape volt
distribution through each resistor is found using the linear in length relationship

demonstrated in equati@t 4 (58).

L C-4
R Pl
Ac
where:

p = resistivity (2m)
L = length of resistor(m)
Ac = cross sectional area of the resistor (m?)

The voltage distribution through each resistor can be constructed after tfecenter

voltages are found by connecting the voltages with straight lines.

C .2.2 Numerical solution

The numerical solution of the voltage distribution of the electrical circuit is

developed in ANSYS 12.0 using the thermal-electrical element Solid226 with theatherm
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capability and coupling disabled (50). The numerical solution geometry demedsitrat

Figure 140has a 0.01fsquare cross sectional area and a 0.004m width.

voLmeEs
TeeE W

Location of
recorded T/
Voltages

Figure 140: Electrical Circuit, Numerical Geometry

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. Thus a graph of the

voltages at the layer interfaces as a function of element count is showRiguies141

Mesh Refinement

3.00
2.00 h i ‘

E 1.00
% 0.00 —— —=Vi
G —=\/2
2 100
V3
-2.00
Dk S : —=Va
-3.00 Vs
0 10 20 30 40 50 60 70
Thousands

Element Count

Figure 141: Electrical Circuit, Numerical Solution Mesh Refinement

The curves show no dependence on element count. Screen shots of the entire

voltage distribution are shown Figure 142
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Figure 142: Electrical Circuit, Numerical Voltage Slution

C .2.3 Analytical and Numerical comparison

Following the prescribed procedures for both the analytical and numerical

solution, results were calculated and comparelhinle 16

Table 16: Electrical Model Circuit, Analytical and Numerical Comparison

Analytical Numerical

Difference
Value Value
Vi (V) 0.3571 0.3571 0.00
V2 (V) 2.1429 2.1429 0.00
V3 (V) 0.3571 0.3571 0.00
V4 (V) 2.1429 2.8571 0.00
I (A) 0.3571 0.3571 0.00

As shown above by the “Difference” quantities, the numerical and analytthbds
show the same current and voltage drops across each resistor.

The analytical and numerical voltage distributions are comparegume 153
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Analytical and Numerical Comparison of

Resistors Voltage Distribution
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Figure 143 Electrical Circuit, Analytical and Numerical Voltage Distribution comparison

The above figure demonstrates that the through thickness numerical voltagesctye e
what the analytical trend predicted. This information, along Wathle 16 shows the

FEM (and more specifically ANSYS12.0) numerical electrical model to bd.vali

C.3 Thermal-Electrical Model with Joule Heating

The thermal and electrical models are coupled with the Joule heating Effect.
example used to validate the ANSYS 12.0 Joule heating coupling effect is atie isitati
with constant temperature boundary conditions, ground on one side, and current entering
the other side. Joule heating arises because of the current. Moreover, the ansrent r
through the slab uniformly, creating a uniform Joule heating effect whicklatas into a

uniform heat generation. The infinite slab example has been shdwguire 144
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Figure 144: Infinite Slab with Joule Heating

The properties for the above slab example have been shdovable 17.

Table 17: Infinite Slab Example Properties

Thermal Electrical
Length Temperature Current
Conductivity  Resistivity

(m) (°C) (A)
(W/mK) (Qm)

Slab 60 5e6 0.01 - -
T, - - - 30 -
T, - - - 20 -

I - - - - 3

The unknowns for this example are the temperature and voltage distribution through the

slab as well as the uniform heat generation (Joule heating) of the slab.

C .3.1 Analytical solution

The electrical analytical solution is found using the equality that relesestivity
to resistance (equatid@+ 4) and then Ohm’s law (equati@t 2). This provides the
voltage on the left side ¢figure 144 as well as the voltage distribution throughout the

entire slab.
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The coupling of interest is the heat generation caused by Joule heating and must
be placed into the thermal analytical equation. This is accomplished by dividingpaquat

2-5 by the volume of the infinite slab as shown by equaiieh.

2
mo_ I*REiectrica C-5

VSlab
The thermal analytical solution is found by simplifying the three dimenistiifiasion

equation (equatioB- 1) to a steady state, one dimensional version accounting for
uniform heat generation (from equatiGn5). This equality has been shown below in
equationC- 6 (9).

dZT N qIII 3 O C-6
dx?  k
where:

nr . . W
q'" = uniform heat generation ($>

k = thermal conductivity (mMZ/K>

The above equation is integrated twice creating two constants of integratioa. Thes
constants are solved by applying the constant temperature surface boundaiynsondit
according to the displacement convention providdéignre 144 This provides the

general equality shown in equation C- 7.

1—f)+T1(1—f)+Tzf ©7

q'"Lx
( L L L

Te) ==~

where:
L = total length of slab (m)
x = position along slab (m)

Equation C- 7 provides a quadratic temperature distribution through the thickness
of the slab, but does not find its maximum temperature or maximum temperature
position. The maximum temperature position is found by differentiating equation C

and setting that equality to zero (no heat crosses that portion of the slab) dseiothe

operations. The position of maximum temperature has been shown in editadion
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d d (q"L x? x x
0 —E(T(x)) —a<—2k <X—T> +T1 (1 —Z) +Tzz>

B q’I’L TZ _ T1
0= 5= (1-2x) + =2
_L-T k c-8
X = - —_—
2L q”’

The solution of equatio@- 8 can then be placed into equation C- 7 to find the maximum

temperature in the infinite slab.

C .3.2 Numerical solution

The numerical solution of the temperature and voltage distribution of the infinite
slab is developed in ANSYS 12.0 using the thermal-electrical element Solid226 (50). The
numerical solution geometry demonstrateigure 145has a 1rhcross sectional area
and a 0.01m width.

TYPE NOM

TYPE S

Location of
recorded
information

Y

Figure 145: Infinite Slab, Numerical Geometry

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. Thus graphs of the
temperatures and voltages every 0.001 meters through the slab as a functionrdf eleme
count are shown iRigure 146andFigure 147. The curves show no dependence on

element count.
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Mesh Refinement for Temperature
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Figure 146: Infinite Slab, Numerical Solution MeshConvergence for Temperature
Mesh Convergence for Voltage
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Figure 147: Infinite Slab, Numerical Solution MeshConvergence for Voltage

The discretized temperature through thickness curve does not necessarily contai
a node at the maximum temperature, and as such, the maximum temperature through the

slab does change as the element count increases. This has been shgune ih48.
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Mesh Convergence for Maximum

Temperature
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Figure 148: Infinite Slab, Numerical Solution MeshRefinement Maximum Temperature

The asymptotic behavior &igure 148demonstrates less than F05novement which
is lower than any design consideration. The information from the second to last point on
the above curve was used for the comparisdd i8.3 Analytical and Numerical
comparisonbecause it provides accurate results without using a high element count
(translates into high computing time).

Screen shots of the entire temperature distribution have been placddgaoras

149 andFigure 150
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Figure 149: Infinite Slab, Numerical Solution Tempeature Distribution

i

Figure 150: Infinite Slab, Numerical Solution Voltage Distribution

C .3.3 Analytical and Numerical comparison

Following the prescribed procedures for both the analytical and numerical

solution, results were calculated and comparekhiie 18andTable 19

Table 18: Infinite Slab, Temperature Comparison
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Analytical Numerical Difference

Temp at x=0m {C) 30.00 30.00 0.00
Temp at x=0.002m {C) 34.00 34.00 0.00
Temp at x=0.004m {C) 35.00 35.00 0.00
Temp at x=0.006m {C) 33.00 33.00 0.00
Temp at x=0.008m {C) 28.00 28.00 0.00
Temp at x=0.01m {C) 20.00 20.00 0.00

Max Temp (°C) 35.042 35.042 0.00
97 (W/m ) 4.5e7 4.5e7 0.00

Table 19: Infinite Slab, Voltage Comparison

Analytical Numerical Difference
At x=0m 1.50E+05 1.50E+05 0.00E+00
At x=0.002m 1.20E+05 1.20E+05 0.00E+00
At x=0.004m 9.00E+04 9.00E+04 0.00E+00
At x=0.006m 6.00E+04 6.00E+04 0.00E+00
At x=0.008m 3.00E+04 3.00E+04 0.00E+00
As shown above by the “Difference” quantities, the numerical and analytthbds

show the same information for the infinite slab.
The temperature and voltage distributions are comparedjime 151 and

Figure 152respectively.

Analytical and Numerical Comparison of
Slab Temperature Distribution

__ 40

g 35

g 30 © Numerical Temp
g 25 Distribution

g 20 = Analytical Temp
2 0.000 0.002 0.004 0.006 0.008 0.010 Distribution

Distance through circuit (m)

Figure 151: Infinite Slab, Temperature Distribution comparison
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Analytical and Numerical Comparison of
Slab Voltage Distribution

1.50E+05
% 1.00E+05 © Numerical Volt
an Distribution
£ 5,00E+04
S = Analytical Volt
0.00E+00 Distribution
0.000 0.005 0.010

Distance through slab (m)
Figure 152: Infinite Slab, Voltage Distribution cornrparison

The above figure demonstrates that the through thickness numerical information is
exactly what the analytical trend predicted. This information, along with
Table 18andTable 19 shows the FEM (and more specifically ANSYS12.0) numerical

thermal-electrical model with Joule Heating as a coupling effect tolioe va

C.4 Thermal-Electrical Model with Joule Heating and the Peltier Effect

The thermal and electrical models are coupled with the Joule heating and the
Peltier effect. This allows for thermoelectric devices to be analyzede leg cooler was

analyzed and shown Figure 153

I : Metal T

7'} 3

C

P-type
> semiconductor
material

W

al »

v R

| Metal f|———

— (V=0)
Figure 153: One Leg Thermoelectric Cooler example
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The above figure contains many properties that have been listadblie 20

Table 20: One Leg Thermoelectric Cooler (TEC) Propeies

Cross
Thermal Electrical Seebeck
Temperature Current  Distance Section
Conductivity  Resistivit Coefficient
(°C) (A) (m) Area
(W/mK) y (Q m) (VIK)

P
Type 1.2 0.98e-5 210e-6 - - - -
Leg
Metal 400 1.7e-8 - - - - -
Th = = = 40 - - -
I - - - - 10 - -

I
w - - - - - le-2 -
Ac = = = - - - le-2

The variable tested wasl, which following the below equation, consequently varigs T
AT =T, —T.
The metrics for the validation are showrTiable 21.

Table 21: One Leg Thermoelectric Cooler (TEC) Metres

Net Cooling Coefficient of
Power (W)
(W) Performance
Q. ? - -
P - ? -
COP - - ?

C .4.1 Analytical Solution

The analytical solution to the one leg thermoelectric cooler beings with
determining the net cooling power described in equatdbfor only one leg. This

produces equatio@- 9.

1
= STl —=I?R, — KAT

Q Net Cooling 2

where:

V
S = Seebeck Coefficient (E)
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T, = Absolute Cold Jucntion Temperature (K)
I = Current(A)
AT = TH - TC (K)

l

R, = Electrical Resistance () = pA—
c

K = Conduct (W>—kl
= Ltonauctance mZK = AC

The other metrics of interest are the Power and the Coefficient of perf@nidrese
general equalities are equatidri4 and2-16rrespectively. After the one leg

simplification, they turn into equatid@®- 10andC- 11

POWQTTEC = ISAT + IzRe C-10

1,
Q Net Cooling _ STel — 71 R, — KAT C-11

Powerrg: ISAT + I?R,
EquationsC- 9 throughC- 11 were computed for eadtlT and compared to numerical

COPTEC =

values. These results have been showd ih.3 Analytical and Numerical

Comparison.

C .4.2 Numerical Solution

The numerical solution of the thermoelectric cooler (TEC) is developed in
ANSYS 12.0 using the thermal-electrical element Solid226 (50) with Joulet eetd

the Peltier effect enableBigure 154 shows the numerical simulation geometry.
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Figure 154: One Leg Thermoelectric Cooler (TEC), Nmerical Geometry

The nature of numerical simulations requires that a mesh refinement be ednduct
to distinguish and ultimately eliminate mesh dependent solutions. Thus the neggrics
Power, and COP, are computed everyAT(as a function of element count. These curves
are shown irFigure 155 Figure 156 andFigure 157. They show no dependence on

element count.
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Figure 155: One Leg Thermoelectric Cooler (TEC), NeCooling Mesh Convergence
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Figure 156: One Leg Thermoelectric Cooler (TEC), Pwer Mesh Convergence
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Figure 157: One Leg Thermoelectric Cooler (TEC), C® Mesh Convergence

Screen shots of the entire and voltage distribution (the degrees of freedom for the model

distribution are shown iRigure 158andFigure 159respectively for the case aff

equal to 42C.
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Figure 158: One Leg Thermoelectric Cooler (TEC), Tmperature Screenshot forAT=42
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Figure 159: One Leg Thermoelectric Cooler (TEC), Ectrical Potential Screenshot forAT=42
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C .4.3 Analytical and Numerical Comparison

The analytical and numerical solutions for the metrics of the one leg

thermoelectric cooler (TEC) are compared. The percent erromaverange (6C to

40°C) is shown irFigure 160

Percent Error

S
s 0
o 0000000000
; 00900 oo o oQc
a -1 <
E o W Power

2 Cop

<

-3

-4

0.000 10.000 20.000 30.000 40.000

AT(°C)

Figure 160: One Leg Thermoelectric Cooler (TEC), Peent Error for metrics

The above shows less than three percent difference between the two solution methods
with the highest error found in the COP comparison. The COP is the quotient of the net
cooling and power (see equatiGn 11), and as such, its error is the composition of the
other metrics.

Curves ofAT as a function net cooling () Power, and Coefficient of

Performance (COP) are placedrigure 161throughFigure 163
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Figure 161: One Leg Thermoelectric Cooler (TEC), NeCooling Comparison
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Figure 162: One Leg Thermoelectric Cooler (TEC), P@er Comparison
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Analytical and Numerical Comparison
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Figure 163: One Leg Thermoelectric Cooler (TEC), C® Comparison

The above figures demonstrate that all the three metrics of concemanaegically
modeled with little deviation (less than 3% for all metrics) from the analygquations.
Thus, the FEM (and more specifically ANSYS12.0) numerical thermal-aakctmodel
with both coupling effects (Joule Heating and the Peltier effect) is valid prfongdes

confidence in thermoelectric device analysis through ANSYS12.0.

C.5 Thermal and Electrical Model Validation Summary

Four numerical (ANSYS 12.0) models are validated using classical aahlytic
examples. The models are the thermal, electrical, and the coupled therrmmadaglec
model. The validation begins with the thermal and electrical models alone to #mesure
work properly. Then the coupling between the models is added to ensure correct
thermoelectric device analysis.

The Thermal model is validated using the residential wall example discussed in

Appendix A FEM Phases The comparison of the temperature distributions between the
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solution methods shows no difference. The electrical model is validatednmila si
manner using resistors connected in series. The comparison of the voltagetdiss
between the analytical and numerical solutions shows no difference and thusthe FE
(and more specifically ANSYS12.0) numerical thermal and electrical madehslid.
This provides confidence in the models that allows their couplings to be studied.
The thermal-electrical model with Joule heating coupling is validated using an
infinite slab with uniform current running through it. There is no difference betveen t
two solution methods. The last step in the validation is proving accurate Pelter Eff
coupling. This is accomplished using a conventional one leg thermoelectric cooler.
Analytical and numerical solutions require Joule heating coupling effexs the Peltier
effect occurs simultaneously with it. The comparison between the anafyiital
numerical solutions shows little difference. Thus the numerical (and morécabci
ANSYS 12.0) thermal-electrical model with Joule Heating and the Pdiet eoupling

is valid.
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