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Abstract

As technology continues to miniaturize processor chips, the thermal load of the electronics has
become a primary hindrance the development and implementation of more powerful chips. An
internal effort by Draper Laboratory has been made in order to attareze the effect of their high
density packaging methoah the thermal loadThe following thesis provides a thermal characterization
2F 5NI LISNI [ I 02 NI HMNIFemity (UHDYintErd] ai &Remg mitiakliization
packaging methodl'he tesis covers théhermaleffects of multiple layers of theJHDmaterial, the
presence of metaraces the isolation ofii KS (S & (i Acgrdpon¥érsRuntttths atkiraf multiple
modules.The thermal contribution of a layer of the iIUHD material was deteed to be0.0670.077
°QW depending on the number of layers and the presence of metal traldes thermal resistance
contribution of thecomponents of the second layer of tetackwas determined to b®.24°CQW. The
isolation of malule components wasuccessfuand locally raised the temperature in the isolated areas

by 4-5 times
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Chapter 1: Introduction

1.1 Problems to be Addressed/ Significance

As technological advances continuously miniaturize processor chipsiranentproblem
inhibiting the integration of these chips is the thermal load. The chips become too small for the standard
heat sinks to effectively dissipatedlineat they produce. Therefore, the chip power is limited by the

effectiveness of which heat can dissipate rather than its specifications.

hyS 2F S5NILISNI[F02NFG2NRPQa LYGSNYyFf wdféaeSl NOK |
their integrated Ulra-High Density materiallHD, anextreme miniaturization packaging methduhs
on thermal issueManyentities in the defense, biotechnology and telecommunications markets lba
vested interest in this research as thermal issues impede their dewgjdpchnologieskFigurel shows

GKS RAFTFSNBYyOS 06SisSSy G(GKS GeLAONf KAIK LR SSNI OKA

(a) This is a typical high power chip

Heat Spreader Heat Spreader

Heat Spreader R Interconnect & embedding

Z 0o
B s e

Figurel: Diagram ofdifference between typical a high power chip and Draper's embodim§tit



Thisthesisprovides a tiermal characterization of th&JHD material in mukchip silicon

modules. The comparison between modules with bare siliconvamginglayers ofinsulatingmaterial

and metal traceswhichconstitute electrical connections between the chips and outside of the module
will help determine thanost effective way to promote the cooling of the chip. Potential ramifications of
this research include the direct apgdibility to modules being developed by Draper allowingtieir

more efficient desigrthrough thermal model predictiomAnother key inquiry is how the stacking of

these modules intensifies these issuéhis research is unique @xplaing the thermal impct of the

novel approach embedding multiple silicon chips (processors, memory) in a silicon carrier wafer and

electrically integrating with semiconducttmased dielectric and metal patterning.

1.2 Relevant literature

A wide variety of research has beeonducted in the field of heat transfer through higlnsity
modules. The traditional approach emplogsvariety of methods ranging from air to liquid coolers with
higher efficiencies observed in the liquid coolers [2]. The contact between a liquid andlé¢he device
can also be improved with thermal adhesive. Thermal adhesive improves the conductance between the
cooler and module surfaces promoting heat transfelowever, researchers haasoinvestigated a
more efficient means of conducting heat ayvisom the chip using various materials and geometries.
Onerecentlyresearched method of managing the thermal burden in kdghsity electronics is the use
of carbon nanotubesamaterial that has a thermal conduciy on the order of 300 W/Km [3. Other
systems have sought to replace expensive high thermal conductivity materials with cheaper options
such as thermalpeaders made from heat pipes][4rhe thermal challenge hhgcomea predominate

problemresulting fromthe shrinking of electronics.



The thermal management of thredimensional stacks of silicon chips has also been extensively
investigated. Zanini et. al. developed a controller for the thermal management of such stacks using
active control of orchip switching rates and active interlayaoling with pressurized fluids. Their
research showed energy savings up to 50% of the sththe-art liquid cooling technique$[6]. Figure

2 depicts the interlayer cooling technology.

Fluid Inletl qu;s Outlet
l

i :

= g 4———Microchannel
Jies=—===_5, -7,
Dies=—3 E B

to Package

(a)

Figure2: Manufactured prototype and cross section of a test stack with interlayer Igjgooling. (a)
Cross Section [5b) Prototype [4

Other efforts to manage the thermal load on multichip devices have revolved around the use of
other materials such as SiC instead of Si. SiC has a high range of temperature of operation,

approximatly 5x higher than that of Si][7

Padkaging technologies are another forefront in which thermal issues are being challenged.
Research on package improvement has been taking place over more than two dedad=s) be seen
in Figure3, miniaturization of chips has resulteddnasticchangesn the Hughes packaging technology
from 19701990 alone.As is shown, the number of gates per module has increased by a factor of 20

allowing the package to be muchaller than previous packages. This miniaturization of components



increases the thermal load by reducing surface area for the heat to dissipate and be managed through

heat sinks.

1870 1980 1950
DISCRETE PARTS GATE ARRAYS HDM!

MSI L51 VHSIC
15,000 GATES/MODULE 75,000 GATES/MODULE 300,000 GATES/MODULE

Figure3: HighDensity Multichp InterconnectModules: Three gnerations d Hughes packaging
technology [

Companies such as Lockheed Martin have been working on improving packaging techniques for
years. One of their older technologies was the development of Lockheed Martin High Density
Interconnect(HDI) Technology, which used a nHdifer routing to eliminate traditional suhsttes from
multi-chip modules [ More recent efforts to improve the power levels and functionality of these chips
as they continue to shrink include thewkelopment of Draf NJ [ | 0 £niieliit@ghidUItraHigh
Density WHD)multi-chip integration technologylhe main motivation of this thesis is determinithg
thermal effect ofthe spinon dielectricmaterial inherent{SODJo iUHDin conjunction with metathat

forms the electrical traces.



The thesis is organized in the following sections. First, a chapter will be devoted to the design of
the thermal test system used to investigates thermal effect of the SOD and the electrical traces
Following thisa chapter will presenthe experimental results. The thesis will end with a concluding
chapter presenting main findings and recommendatitorsfuture work The Appendix includes the
supplementary sections covering heater and diode calibration, Labvieavikgrpretation program

design, the fabrication of the module stack, the error analysis and more thermal test data.



Chapter 2: Design

Thischapterdetailsthe designof the thermal testsystem which wasdeveloped at DrapefThe
module was designed to emulate the iUHD modules from a thermal perspective. Several key design
features include controllable heat dissipation, high spatial densitglop temperature sensing, a
cooling scheme that allows the isolation of the effettlee interconnectiayers and a modular data
acquisition (DAQ) that allows easy testing of many different configuratiogs. d A Yy 4§ SNO2y y SO ¢
defined as a layer of commercial sfin-dialectric (SOD) insulator plus photopatterned copper traces,
roughly 7mm and 1nm thick, respectively. One layer is electrically connected to another by drilling vias
in the SOD and plating the next layer of interconnect into the holes of the underlyingrf8®mllowing
chapter includes sections on the mathematittedory of the thermal resistance network, module

fabrication, electrical design, and the design of the module test stand.

2.1 Mathematical T heory of the Thermal Resistance Network

This section discusses the mathematical theory used to determine the tieasistance of the
interconnect layers. First a cross section of the module is shown so the components of the heat path can
be observed. This is then generalized into a thermal resistaeteork, whichis then analytically

solved.

Thehigh-densitychipmodule is designed to measure the thermal resistance of varying
interconnectlayers between a heat source and a heat siakshownn Figure4. This is done by first
calculating theotal thermal resistance contribution dhe bare silicormodule. All the constituents of

this module are present in the other chip designs. Therefitre total thermal resistance of this module



includes the thermal resistance of thigermal interface material (TIM), the cooler and the silic@mce
this valueis determined, the contribution of th8ODayers can be determined using the assumption of
constantthermal resistanceontributionof the TIM, cooler and silicon between the thdes Thus the
thermal contribution of the SOD layers in-#afer module without metal traces is its total thermal
resistance minus the thermal resistance of the bare silicon module case. In theory, the only thermal
difference between these two modules the presence of the SOD layeFdereforethe last unknown is
the thermal resistance of the SQ&s can be seen in the generic thermal resistance model shown in
Figureb. Potential error resulting from this assumption is discusisedippendix A.4The TIM i©Omega
Therm 201 thermally conductive pastEhe uniform application of the TIM was a challenge due to its
viscosity and the lack of uniform pressure across t@er applied directly to it. A lasg@rofilometer

was used to determine the thickness of the TIM. After many individual measurements, it was
determined theaveragethickness of the TIM waa08A0°m with a30% variabilityAppendix A.4

analyzes the effe of this variability.

) == /
/ Thermal interface material (TIM)

Intervia

Heat sink

Generic heat sin

Spin on dielectric in thermal path

Heat dissipating die Silicon

HEAT GENERATION
Thermally insulated
electrical interface

Figure4: Thermal module crossection [1]
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silicon interconnect TiM/cooler

Figureb: Thermalresistancepath for testing module[10]

Another crucial assumption for the mathematical model isdhgbienttemperatureis that of
the cooler.Thereforethe heat sink temperaturés knownwhile the calibrateddiodes signifghe
temperature of the source. Similarly, it is assumed that the heat f&§ dimensional This assumption

thus states that heat travelsolelyfrom the source to the sink through the material layers.

The following is the mathematictieory for determining the thermal resistance of the
contributing layergaking into account the previously stated assumptioifier, the method of lumping
togetherthe resistances determined constametween modulesand treating them as a bulk resistance

will be discussed as this was the method employed during testing.

The governing equation for determining thermal resistance is (1) since the thermal path can be

simplified to the path showim Figureb.

R, = Z R, with

y

t
R = T for conduction through a 1D layer 0}
1

R, =___ for convective resistance at a surface



WhereRy, is thetotal resistanceR is the conductionesistanceof the i componentt is the component
thicknesdor a layer componenk s the coefficient of thermal resistander a layer componenty is the

convective resistance at a surfackthe cooler andAis themodule surfacarea.

First the contribution of the components on the bare silicon chip must be determined. The total
thermal resistance of the heat path in a bare silicon module is showguat®n @). Since the heat flow
through bare silicon &s been heavily studie#t,is known and the thickness was determined from the
wafer data sheetThe thermal interface material likewise has well documented thepnaperties, so
the thermal resistance of the grease is known. In order to determine th&nbgs of the TIM, a
Metralight TLETriangulation Laser Sensor was integrated into the test stand for the measurement of
this property. Therefore, the thickness of the TIM is a known waitlethe uncertainty addressed
earlier. Lastly, the test data frorthe bare silicon chip determines the total thermal resistance of the
chip or Ry. Since we already know the area of the module face, every term in equalimknown
excepth, the thermal resistance of the coolaxhich is treated as a surface compohdhis important
to note that the bare silicon module has no interconnect layers so it has no interconnect resistance.
Contact resistance is assumed negligible and, furthermore, equal in bare silicon and interconnect cases,

S0 it can be integrated into the cooler resistance estimate.

R d=(g) +()_+ ()
Fo s Nt W coster (@)

So solving for the unknowmresults in guation (3.

(3o =B 4= (), ~ )
h cooter  OF klei  Medrim 3)



Once this value idetermined, an assumption is made that the thermal resistance contribution of the
cooler will be equivalent across all tests and chips. This assumpgansh is now a known value and

can be usedh the determination of the thermal contribution of thaterconnect It is important to

recognize thah is a complex function that is usually empirically determined. It depends on many factors
including the difference in module vs. ambient temperature. However, the assumptioih that
approximately the same in different cases was made due to the flow rate and temperature of the cooler
being constant for all the test&orthe determination of thehermal resistance of the interconnect

Rnrer €quation(4) is usedThis equation islao based off oFigure5, however this time there is

interconnectlayersand therefore an associated resistance.

t t 1
i), 0), 0
INTER Fot kleg Mdlrme VY cooter with

t

Riyrer = (— (4)

k )m-' TER

Since the thickness of the interconnect is known from the processing steps, there is one unkgewn, k

to solve for. This process can be repeated for allnttoelules

However a simpler method was used since the thermal resistance value sought wakttieat
interconnect. Therefore, as discussed earlier, the total resistance of the bare silicon module was
subtracted from the other testing cases to see the contribution of the interconnect |ayignsie6
visually shows the methodin reality, some of the resistances that are assumed to be fixed actually vary.
For example, the variation in the thickness of the TIM makes the resistance dMheailiable between
applicationsFigure? better exemplifies the resistive contributions of the module components. The

error analysisn appendix section Adiscusss the resulting error from this assumption.
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Figure6: Theoretical contribution of interconnect layerdl()]

High performance
liquid cooler, fixed

iUHD interconnect
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Thermal interface
material, varying
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Figure7: In reality interconnect layers vary along with TIM thickned$[



2.2 Module Fabrication

This section describes how tpeeviously discusseahodules for the thermal testingare created.
First the commerciabff-the-shelf (COTS) heater componeriabricated by Thermal Engineering
Associates IngTEA)that are built onthe waferare discussed in detail. Then the fabrication process for
the development othe module layer®ver the processed wafés discussed astly the different types

of modules created for testing aritbw they are identified isliscussed

One of the novel aggxts of thesystem is thatin embedded multichip module can be emulated
using a single silicon chijpe to this high spatial resolution of the heater control and temperature
sense.This multichip solution uses commercially available heaters fr&#so the the heat flow
through the layers of thenodulecan be analyzed heutilized TEAheaterchips have part number of
TTC1002.Adie mapof a singldlie is shown belovin Figure8. Note that two of these individual die
YIFE1S dzLJ GKS dadzyAld OStfé¢ NBFSNNBR G2 Ay 20KSN aS0oi

constitute a module.

Theassembled moduleonsists of several key componentise interposerthe populatedsilicon
wafer, and the interconneds shown irFigure9. The interposelis a printed circuit board which
functionsasthe path through whicthall electricakignals must go througtoe and from the chipThe TEA
heater chip provideshe capability to selectively heat partstbi chip for thermal analysis on spreading
and isolationOn the heater chip is a thermally sensitive diode, which is probedoitageto determine
temperature change. Lastly there isiéicon layewith or without interconnect. The interconnect

consists o50Dand metal layers.



Resistor #2

Figure8: Top View of chip produced byVEAINc.



Heat Sink

‘/ iUHD Test Article

Interposer Board

Test Interface Board

Interface Circuitry k-
& Test Connectors

Figure9: Embodiment of thermal testing stackp [1]

Five different chip typewere fabricatedaslater detailed inTablel. Onemodulesimply hadhe
¢9! RABNWIL KAMKRSE AYydSNDO2yySOG G2 AYyuSNFIOS (KS
the thermal path. This was used to detmine the contribution of the silicarthermal interface material
(TIM), and cooleto the thermal resistiity of thesystem This has been previously referred to as the
bare silicon caseds shown previously, this calculatiaas important in order to determine the effect of
metal and higkdensity layers on thermal resistivity. Therefore, the silicon wafes patterned with

different layersto provide the five types of chips that were to be investigadsdshown irFigurelO.



DRAPER PROPRIETARY

4 Layers
Intervia

4 Layers
Intervia / Copper

Figurel0: Schematic of the backside tfie wafer postprocessing created by John Burns IV]11

A high level overview of the process to make the wafers is showigurell. Note that the
intervia referred to in the figure is a commercial spimdialectric (SOD) he silicon wafer is bought
from TEAwith the heater and diodealready populated on the wafeThewafer is then processed to
obtain the final chip to be tested. First the wafer gets a co&©Don the active side of the wafer. Then
the SODis patterned using photolithography laser is used to drill around ,080vias through the chip.
A Ti/CulTi layer is then deposited, patterned and etched followed by another c&DDbfThe SOD is
engineered to coat with uniform thickness and not fill in holBseSODs then patterned again

followed by a hardbake and cros#l process. After these steps are completed, the wafer is flipped over



to process the backside. The backside is coated 3@Bthen patterned once again. Then the layers are
built up on this side creating the five different cases using contact méikkse cases are discussed at
the end of the sectionLastly the wafer is flipped back over and the soldermask is laser dfilied.
soldermask is a patterned layer of the SOBe completed wafer is then diced to foand 8x8 array of
active die, thus faningthe chip size compatible with the thermal testing staiitie wafer has 106m
streets designed for the dicing operatiddince thevaferwas patterned withgold pads that form a ball

grid array adhesion to the interposer board is facilitated aftee tthip is bumped.

1) Active die facing upwards

150 mm Silicon

2) Coat with Intervia

150 mm Silicon

3) Pattern Intervia with Mask Name: DRAPER LABORATORY
Thermal Die Front Dice r1 121206 (dicing streets)

150 mm Silicon

4) Laser Drill Vias (Exported from L-edit) ~15000 vias

150 mm Silicon

5) Ti/CulTi layer, deposit, pattern, etch. Pattern with Mask Name: DRAPER
LABORATORY Thermal Die Front Met r1 121206

150 mm Silicon

6) Coat with Intervia

150 mm Silicon

7) Pattern Intervia with Mask Name: DRAPER LABORATORY
Thermal Die Front Dice r1 121206 , hardbake, crosslink. Note: use
conformal sheet on EVG so the vacuum holds.

150 mm Silicon




8) Flip over and process backside of the wafer (No handle attach)

150 mm Silicon

9) Coat with Intervia

150 mm Silicon

10) Pattern Intervia with Mask Name: DRAPER LABORATORY
Thermal Die Back V12 r1 121206

150 mm Silicon

11) Build up multiple layers with the 5 different cases using contact masks

150 mm Silicon

12) Flip back over and laser drill soldermask ~5000 vias

150 mm Silicon

13) Dice with GDSI and send to PacTech for Sn67Pb33 Solder
Spheres

Figurell: Highlevel proess flow for chip fabricationeated by John Burns IV11]

After processing, the silicon wafer is diced and bumped with solder balls so that the wafer
components can be mountkon the PCB. After alignment between the PCB and the processed wafer,

the components are reflowed in an oven resulting in the assembled chip module.



Tablel describes the&composition of the 6 differentypes of modulesised during testing. The

differences in the modules are thmimberof SOD layers, presenceroktaltraces andvhether the

moduleconsists of a stack of wafers.

Number of Number of
Module Metal (Y/N) stacked
SOD layers wafer pieces
land 6 0 N 0
2 2 N 0
3 4 N 0
4 4 Y 0
5 2 Y 0
7 0 N 1

Tablel: Composition of the sixlifferent wafer types

2.3 Electrical D esign

This section discusses the electrical design of the fabricated madnéemodule contains 64
diodes in an 8x8 array and 32 heaters in a 4x8 array diced from the fabricated wafer in secfidns2.2.
sectionincludes the operational they of the device, which involves the use of heaters and diodes to
stimulate and read the thermal state respectively. The diodes are linearly sensitive to temperature with

a constant currensupply, which can bebserved in thevoltage change.

64 diodes a@ used for measuring temperature through voltage change. As the chip heats up,
the voltage drop across the diodes for a constant current linearly reduces allowing the temperature
change to be determined after calibratioDiodes where chosen as the meansiheasuring
temperature due to the ease of monolithic fabrication along with high sensitivity not seen in other

temperature sensors such as thermocouples. The implementation of diodes for temperature



measurement is a standard practice and is compatibth standard chip processeBata is received by
DAQ devices and monitored through a Labview program, as detailed in section 2.4. There are 32
controllable heaters groups on each chip. The heater diodes are monolithically fabricated on top of each
other inthe TEA silicon die using standard semiconductor foundry processes. This allows specific
regions of the module to be selectively heated. The diodes and heaters are mapped onto the chip face
as shown irFigurel2. This figure shows the adjacent heaters wired together and the access points for
the 4-point probe of the thermally sensitive diode€Ehe white rectangles with a black outline are pads,

the circles with red otlines are probing points and the arrows are the diodde diodes used are in

the center of each square unit. The probing points are for the four point probing method where current
is driven from one pad through the diode and to another pad and the geltrop is read through the

other two pads. The diodes at the top left of each unit and at the bottom of each unit are not used
because there is no need for that much information especially since it complicates the interface to the

DAQ.

Figurel2: Two diodes with the heaters wired together such that one switch turns on th
heater for both chips [1]

Each unitell of the heater/sensor arragontains 2 heaters and 4 probe areas for temperature
sensing. Adjacent heaters are connectedetbgr resulting in an array of At&aters and an 8x8 array

of thermally sensitive diodes. Through the observation of the voltage drop across the indiviaties di



for a constant current, temperaturehangecan be determinedAn analysis of the accuracy of this

method is discussed in Appendigction Ad.

The voltage drop of the thermally sensitive diode is determined by using-goénd probe
method to supplyconstant current on two of the wires and measure voltage locally across the diode
with the other two. This method increases accuracy of the readings since it effectively eliminates the

resistive contribution of sources other than the thermally sensitiweldi

The design and the wiring of the heaters serve a multitude of purposes. For one, the wiring
allows the individual control of the heaters, which results in a higher density of information from the
chip. Through the individual heater sites, the ovepalver consumption of the device can be accurately
determined and the amount of power that is being generalgdh heatedocal to each pair of diodes
can be observedlhe accuracy of the power measurements involving the heaters is discussed in
Appendix setion A4.The diodes consume negjbile power since they draw approximately 0.7 mW.

Since each diode is read individually and not simultaneously, 0.7 mW is the total loss of power through
the diodes. The power being driven through the chip is over 4 madgst higher than this value. There

are no more losses from the setup due to the utilization of thgoiht probe method. This eliminates

the resistances of the thermal test stand components from the data obtained from the module.

However, to improve accucg, quantifying the resistance of the thermal test stand can be done in

future work. The power supplied to the thermal test stand was greater than the power received by the
chip heaters for this reason. The potential areas for power loss in the systardertble thermal test

stand PCB connections, the solder balls, the interposer, and the wires to the DAQ. Anecdotally, the bulk
of the resistance appears to be on the thermal test stand boasba®e electrical lines &re fried under

high power levelsTheinvestigation into these resistances may indicate whether the cooler is pulling

out more heat from the module than is given off by the heaters. A mass flow analysis can be done to see



if the heater is indeed taking away extra heat. Therefore this futuwekwvould increase the accuracy

and sensitivity of the device.

The TEA chip was designed so that heater resistances optimized current and voltage
requirements. If the heater resistance were too low, a high current would be needed to obtain a given
powerlevel which would make power delivery instrumentation more difficult and potentially adversely
affect the system through electromigration. If the resistance were too high, the voltage required for a
given power level would be prohibitive to the power supprl'he resistive heating produced by driving a

7 A

fixed resistor with a DC voltage or current source is describddy Q& [ 6 Yy R (K St SO

equation
'[;2
- 5
P=— ©)
And
P=1IR (6)

wherePis power in wattsy is the voltage in voltd,is the current in amps and R is the resistance in
ohms. Therefore th&? and|? terms must compensate for all changesRim order forPto remain

constant.

Figurel3is an IR image of the t8inked module that shows the 8x8 grid of diodsominal

operation near 100C.



Figurel3: Thermal picture of module with all the heaters omith a surface temperature of 98.0€

2.4 Design of Module Testing Stand

The testing stand was designed in order to facilitate independent heater control and individual
diode measurement. These capabilities result in a high density of information coming franothde
64 different locations are being astly probed for temperature and 32 heaters can be manually

controlled to heat regions of the chip. Thetup is shown ifrigurel4.

Metralight TLE1 Laser

Liquid Cooled Heat
Sink

Heater Switches

Figureld: Thermal Test Stand



A Metralight TLElLaser wasised to provide an estimation of the thickness of the thermal
interface material (TIM)The tool hasin advertisedesolution to 1nm. The way the instrument was
used is shown ifigurels. The thickness of the TIM was needed in order to reduce the variables in the
1-D thermal equation described in section 2.2. The laser was used to first read the surface height of the
module without TIM then again once TIM was applied. Due to its design, the height was read in respect
to the surface of the laser mount, giving a cistent standard to measure against. This allows the
deduction of the thickness of the TINlhe sirface topology of the TIM was nahiform; however an
average height across the lasers span was used to estimate the true TIM thickinessthis technology
is in its infancy, the progm that operates the laser had glitchesking ithard to use. Repeatability of
the measurements was often a concern as variations were observed in measurements that should be
similar. It was therefore decided that the thickndesthe TIMwould be averaged over many trials and

the resulting averagghickness would be uskfor the thermal calculations.

Figurel5: Graphic showing use of Metralight Bmgulation Laser [1D

































































































































