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[. Introduction

Electronic system power dissipation has increased exponentratly 5080, driven
primarily by the increase in transistor switching frequency. While poweggte continues to
fall (0.64-0.15uW/ MHz from 1995-99) due to voltage reduction, overall power dissipation has
increased in virtually every electronic product due to increasing stansiensity and frequency
[13]. For example, Intel microprocessor thermal design power has rige@@.0 W for the
Pentium Il [14] to 75.3 W for the current Pentium 4 [15]. Should this trend continiseto r
forced air convection will no longer offer adequate electronic themmaakgement and Moore’s
Law will come to an end. Microfluidic convective heat transfer off@ralternative to the
conventional heat sink air-cooling systems. The superior fluid propertiest®f @mpared to
air (approximately 4 and 1,000 times greater specific heat and densjitgctigely [9]) offer
more efficient cooling within a compact volume. Designs featuring flindat transfer
integrated into the silicon substrate offer high cooling capacity dinetieigh heat transfer
characteristics of micron-order diameter cooling channels. Signiffabrication challenges are
present with this approach however, including the need for system heV€IMOS processing
integration.

We present a CMOS-compatible method of fabricating buried channgls titlk
single-crystal silicon serving as the substrate of CMOS circuithe channels were designed to
provide a compact, forced convection heat transfer liquid cooling appmathroprocessor and
integrated circuit thermal management. The baseline fabricatioegs consumes less than 8 %
of surface area and serves as a foundation for further area reductiotiappteading to
incorporation of buried-channel cooling with CMOS electronics. A microchdreagltransfer
solution was designed, simulated, processed, and tested with a liquid cadirerquisition

system. Compatibility with CMOS was characterized by evaluatiegost-process transistor



performance of a simple oscillator circuit.



I1. Background

The goal of integrated forced convection fluidic microprocessor cobasgrovided a
fertile area of research into microchannel development.

D.B. Tuckerman [1] achieved heat removal between 181-790 ¥Witimhigh aspect
ratio rectangular channels in 1981. Internal heat transfer enhanceroeghthre reduction of
thermal resistance between fluid and substrate serves as theymbjestive of this research. 50
pum wide by 30Qum deep vertical channels were processed within a silicon die with an
anisotropic KOH (potassium hydroxide) wet etch. The channels waredspaum apart over
the 1 ci surface area. The rectangular channel height/width aspect ratid famme5-6 and
offered increased surface area with relatively small hydrawdimeliers. A cover plate anodically
bonded to the fin array contained the fluid, with heat provided via thin filr} WSistors on the
chip surface. Experiments conducted with water at flow rates from 4.7-8.6imyiétded fluid
pressures from 15-31 psig. The major disadvantage to this approach aspraoéssor cooling
solution lies in the wafer bonding, which will add processing steps andcadegrield.

Significant work on the development of optimum heat exchanger design has been
reported. By taking advantage of the high heat transfer coefficienib-ao®led boiling,
Bergles et al [2] explored the design parameters to achieve optimuexibbanhger design as
well as summarized seminal two-phase heat exchange microchamaethesThe authors
present a number of design recommendations for surface heat source, rectiuaguiar bulk
silicon substrate cooling die formations. These include locating théaiseipient boiling
(requiring microscopic viewing of exiting fluid), establishing uniforowfldistribution through
the channels, including header orifices to reduce the effect of preseprdue to channel wall
friction, and spacing channel location for uniform substrate heat digribut

de Boer [3] et al have reported buried channel fabrication using a sinddgrmasss

without the need for wafer bonding, eliminating alignment error. The bunethel technology



(BCT) involves a multi-step process in which access trenches aretdeeg mto the silicon
substrate. Microchannels are formed by isotropically etching the explicaad gn the bottom
of the trench with the use of masked sidewalls. Two sidewall-masietigods (thermal SiO
and LPCVD SiN,) successfully protected the trench sidewalls from the remainingngtstaps.
An anisotropic etch cleared the Si@nhd S|N, at the base of the trenches, allowing channel
formation from isotropic silicon etching. A number of sidewall protection ga@aeare
presented, as well as a method of sealing and releasing the channelsi(fFidawe to the high
temperature oxide growth, integration of CMOS electronics must bel adige the formation of

the channels.

Joo et al [4] present a single-sided, low temperature, single masichaonel
fabrication process. Rectangular cavities are formed by spinninguan 1&yer of photoresist
onto a seed layer of nickel and chromium. After development, nickel-eletinggdformed
channel walls in the areas not covered with the photoresist pattern. A sutbstecieoplating
step after stripping the photoresist sealed the openings, leaving aseentlicrochannel on top
of the silicon substrate (Figure 2). The ability to grow the channels on &gabfonics, with

thermal resistance considerably smaller than bonded heat sinks)tghesmajor advantage of



this approach. The overall dimensions of the formed channels wera Owidth and §im

high, with wall thickness of 1aAm.



[11. Fabrication

The primary goal of this research effort lies in the development of @Ebbmpatible
microchannel baseline fabrication process with the following featdreminimal mask area to
facilitate integration with electronics 2) channels located gafitly deep into the substrate to
preserve electronics functionality 3) low temperature sidewadiyatton (non-Si@growth).

Because polymers are resistant to etching inX@€ set out to create deep channels
using the passivation growth offs. Anisotropic trenches could be etched using the Bosch
etch/passivation ICP (inductively coupled plasma) process, followed éxteimded polymer
deposition. A directional removal of the polymer would expose the bulk silidbe &ottom of
the trench, allowing a spherical, bulbous pattern to be produced at the Ibgsisaisopic silicon
XeF, etching. A series of these features patterned optimally closéa¢ogeduld produce
connected spherical cavities resulting in a scalloped-wall buried subtchannel. Due to the
size of the “access” mask area relative to the channel digmeteould seal the access ports
using an extended polymer deposition. Figure 3 presents a conceptual drathitpoget

microchannel process.

While the eventual application for the microchannel process liegsagration with CMOS
electronics, silicon wafer samples were used to establish the baseliess without the need for

expensive and long-lead time microelectronics fabrication. A sefri€smasks were created



with various access-hole feature sizes and configurations to detahmifieal fabrication
baseline process.

We developed an eleven (11) step process to create buried microclhabissilicon.
The procedure is presented schematically in Figure 4, with Appendixnfyltbe process steps

in greater detail, including plasma pressures and flow rates.

Figure 4: Processing recipe schematic

The processing steps presented in Figure 4 are as follows:
Steps 1-2) Photolithography, mask selection

Channel access patterns were formed on 1.5 cm x 1.5 cpe&idd silicon chips with a
single spin, exposure, and development procedure. AZ 4620 photoresist was seétidtialu
relatively thick film (~13um) required to maintain the mask pattern. This thickness restricted the
minimum feature sizes to just below i@, but these feature sizes were later determined to be
sufficient for channel creation.

A sufficiently stable mask was needed to maintain the strudhtegrity of the pattern.
The low etch selectivity of photoresist to silicon (50-75/1) led to tpéoeation of stronger films
capable of withstanding the subsequent processing steps. We attemptedattvéantage of the
high aluminum/silicon etch selectivity by patterning a single I&MOS mask (0.44m Al +
1.25um SiQ,). This was eliminated when excessive aluminum-fluoride reaction |eayimer
redeposition and micromasking during standard silicon etching (crossnspitsented in Figure
5). We selected ajdm SiG, etch mask due to the successful results achieved withuinZ50,

samples.



Step 3) Dry RIE Si©etch

A dry SiG, etch was then used to develop the channel mask. Non-uniforthBikhess
and over-etching caused the mask features to expand during this stepipeubpémization
controlled the growth to 1{2m at most.
Step 4) Anisotropic etch

Next, the access trenches were created using the Bosch DRIE (d¢iep reaetch)
process. The trench depth dictated the maximum channel diameter, duisdtrtpéc
expansion of the channel. The trenches were etched 1l0rife@ep to leave a minimum of 50
pm of silicon between the top edge of the channel and the die surface.
Step 5) Isotropic RIE etch

An isotropic etch undercut the walls of the trencheguinGinderneath the Si@nask
(cleaved cross section presented in Figure 6). We added this step totheotgaer portion of
the trenches during subsequent processing. The upper sections of thes taeachdnerable in
the final channel etch (Step 9) due to the weakening of the sidewall pyotéating passivation
removal (Step 7). We hypothesized that the polymer along the top edgedrehtthes
weakened due to the sidewalls lying inline to the path of the plasmaTaesplasma would
remove the polymer at the base of the trench, but weaken the protectiorhelopgér sidewalls

in the process. During the Xg€&tch, the weakened polymer mask experienced undesirable



silicon sidewall etching (Figure 7), which diluted the process gaskmereased the sacrificial
mask area.

Two methods were tested to alleviate the upper trench degradation. eviiptatt an
undercut demonstrated by de Boer [3] prior to the DRIE trench etch (Figuhdt8).passivation,
the undercut area would thus be protected from the plasma by the mask. @ésedtsidewall
etching results similar to Figure 7. The second method, an isotropic etgebddRIE and
polymer deposition, was the most successful. The undercut mask blocketdsbgquent plasma

ions from the upper trench area, protecting the polymer layer.

Steps 6-7) Polymer deposition, bottom trench polymer removal



Next, an 8.5-long minute deposition coated the trenches with a ~Qu81100 G,
polymer. We then explored four methods to remove the polymer at the basdrehtthes. The
first attempt involved an etch cycle of Ssihd GFg similar to the Bosch process, with
etch/passivation steps of 20-30 seconds. The second method involved a gut@lar ¢
substituting @for Sk [18]. Both procedures failed to build a polymer sidewall mask that would
survive the remaining steps of the recipe. This is most likely dine tisdtropic degradation of
the polymer with Sfand Q. We thus attempted a similar etch/passivation cycle with Ar and
C4Fs. While the Ar did not react with the polymer, the low power (30 W) plasma pradduce
scattering of ions, which weakened the polymer buildup along the sidewglisgBi). Stronger
argon plasmas were therefore needed to produce anisotropic ion millingo Deecontrol
restrictions our DRIE machine (STS) recipe, high power argon plasahé ot be produced
using the etch/passivate cycle method. We found the most successfdlupedoe this step to
be an extended passivation followed immediately by an extended high power Aa pl&m
Increasing the platen power in the STS, which increased the impinging ioy érierthe
polymer film, optimized the process. We found additional improvements by tayie plasma
pressure, which increased the mean free path of the argon ions. A ramping proceceedsd
to build the argon plasma from 30 W platen power, 7 mT pressure at the ohgeppditnal 150
W and ~1.5 mT conditions.

The Ar passivation removal step was difficult to control and reproifiticivas poor.
This is most likely attributed to polymer deposition rate variatiodscaning. For an extended
8.5 minute-deposition, measured polymer thickness varied up to 20%. The polynueiredso
under vacuum, causing a range of argon milling times to effectively removelyheepat the
base of the trench. Due to curing, we were unable to sufficiently clean thbeshaefore the
remaining STS recipe steps were completed. We observed that polyrogakratthe base of

the trenches was best determined by aborting the process at the point whexs Wodage of



the platen would rapidly increase. We successfully estimateddinislyy recording the bias

voltage of a photoresist film silicon wafer and comparing to the ion mitlingess conditions.

Step 8) RIE etch

A 20 second-Sfetch ensured the exposure of silicon at the base of the trench [17]. Non-
uniformity observed in the channel diameters led to the inclusion of ¢ipis ¥¥ithout this step,
sputtered polymer particles present at the base of the etch treseld sggnificant masking
during Xek, etching.
Step 9) Xefetch

After a 30 minute-200C bake to cure the sidewall polymer [20], the channels were
formed at the base of the trench with an isotropic)&&hing process. Channel diameter was
controlled by adjusting the etch duration. Polymer delamination was evidbattzse of the
trench walls, but the upper wall integrity remained intact. Figurelblffesent cross sectional

and surface views of three samples processed for this analysis.



Steps 10-11) Oxygen polymer clearing, sealing

Oxygen plasma cleared the remaining polymer from the walls of thdg=nc

At this point, there were two options for sealing the microchannels. Andede
polymer deposition could seal the access trenches at the mask #utfa@ecess trenches were
reasonably small. Due to the 22425 mask widths of the samples, a wafer bonding process was
implemented. We sealed the samples by bonding silicon sections of si@gélao the openings
of the channels with a high temperature, water resistant epoxy.

With the process recipe yielding repeatable results, the final chalengethe

determination of the smallest successful feature size. Weisktabthe process with 3@dn



open areas and adjusted parameters for smaller trench areagimAvifie trench proved to be
the smallest access feature size achieved during this work. pstéorprocess channels through
smaller access holes were unsuccessful due a number of possithes readuding insufficient
deposition growth and an inability to clear the polymer at the base of the holes.

An additional trend occurred during the Xeftch step that may qualify the worthiness of
the GFg polymer as an etch mask. Delamination was apparent on every test sathme, w
undesirable undercut occurring at the base of sidewalls. Figure 16 presepés amea
delamination indicative of this occurrence. The polymer may be pblenatweakened or thin
mask areas, which present the need for further processing analgsmure uniform, thick

sidewalls on the access trenches.



IV. Thermal Analysis
i. Simulation Model

The analysis of the heat sink capability of the processed buried champdés presents
the second research objective. Performance models based on fundametrahs$fea principles
were created to examine the effects of channel geometry, flow ratehigrelibstrate
temperature on heat transfer performance. While significant caadiventages exist by
operating the system in dual phase (heat transfer due to change from licpadsysiste under
constant temperature), this analysis will focus on single-phasehleeftsiange in coolant
temperature) heating of the coolant. The following analysis is deriwgd@hapters 3 and 8 of
[9].

An energy balance between the heat source (microprocessor), and iakh@huid
passing through the channels) determines how the mean coolant temperasrittaposition
along the channel. This balance also relates the heat transfer ratedoltint inlet and outlet
temperatures. For the entire channel, irrespective of fluid transegerties or surface

conditions, this balance is expressed as:
Q"chip Achip = rhCFATcoolant (W)

with Q" ;= thermal heat load density (W/émA;mp: chip area (cfi), M= coolant mass flow

(ka/s),cp = coolant specific heat (J/kg K), alldll ..« = (Tcoolant, exit— Tcoolant, entranch-

It is necessary to relate the thermal heat density produced by the ¢tegemat flux
from the substrate into the individual channels. The chip surfaceedatige to the cooling
channel surface area is therefore presented:

Achip = LengthyWidthe, (cn)

Achannels= (#channels)Perimegegnnel,_engthhanne|(cmz)

Q"chip A:hip = Q"channelsp\:hannels



The quantification of the forced convection between the chip substihteeacoolant is

expressed through Newton’s Law of Cooling for internal flow:

Q"channels: h(Tsubstrate_ Tm,coolant) (chn?)

With Tsupstrae= Substrate temperature (R)y,c00lant = Mmean coolant temperature (K), and h = local
internal heat transfer coefficient (W), a parameter which encompasses all of the convection
heat transfer factors. These include boundary layer conditions (@liamannel geometry), and
fluid thermal and transport properties. The convection heat flux is tersnaakdive when heat
is transferred from the surface to the fluid. With heat transfer eguacross the channel, the
mean coolant temperature will increase in the direction of the méuidg

Newton’s Law of Cooling applies to the case of a constant surface heat fluxhevit
surface and fluid temperatures changing along the path of the channeiattonaxists for the

constant surface temperature, variable heat flux scenario:

qchannels = ﬁ'A\:hanneIA-I_lm (W)

with h = average internal heat transfer coefficient ang,&Tlog mean temperature difference,
which expresses the average temperature difference along the lengtbtadrihel. This is

defined as:

AT = AT, AT
IN(AT, / AT,)

(K)

Wlth ATo = Tsurface_ Tmean coolant outleand AT = Tsurface_ Tmean coolant inlet Whlle a constant heat ﬂUX
would apply for the microprocessor model, the constant temperature mthdel used for the
following analysis. The heat sink/ temperature controller used toaternansistor thermal heat
generation will produce experimental results more accurately egppeesby the constant surface

temperature model. Figure 17 presents a simulated temperature poofijelee length of the

channel for each case.



Figure 17: Axial temperature variationsfor heat transfer in a channel: a) constant surface heat flux,
b) constant surfacetemperature. Derived from [9].

In order to estimate the internal flow heat transfer coefficient and pgnppiwer, we
analyzed the thermal and transport properties of the fluid. For thedrapsoperties, the
Reynolds # represents the ratio of the inertial to viscous forces inltoityw&oundary layer.

For internal flow through a circular channel, this parameter is exprasse

Re#= PVE
U

with £ = fluid absolute viscosity (N sf) p = fluid density (kg/r), V = mean fluid velocity
(m/s),L = channel length (m). For laminar, or highly ordered and streamlined flow <Re
2,300.

The Nusselt # provides a measure of the convection heat transfeimgcatthe surface.

This is expressed as a dimensionless temperature gradient:

a (T _Tsurface)
Too =T

NU#: ( o surface)
8y
L

with T = fluid temperature within the boundary layer, apd=Tluid constant temperature outside
of the thermal boundary layer. For constant surface temperature andrgiuly developed
conditions, the Nusselt # is constant and independent of channel location:

hD

Nu#= = 366

fluid
with D = channel diameter (m) ang,k = fluid thermal conductivity (W/ m K). The heat transfer
coefficient and channel diameter are therefore inversely proportiotlalgreater heat transfer
occurring at smaller diameters.
Due to the non-uniform profiles of the buried channels, a hydraulic, or effecdius is

needed to calculate the hydrodynamic and thermodynamic properties of the.c@biars



defined as the ratio between the perimeter and the area of the channdiveefiemeter would

therefore be expressed as:

- 4 Areathannel (m)

Perimetey, ...

eff

An iterative analysis can now be performed by equating the energy baldnd¢kewi

constant temperature internal flow model:

qconv = ﬁ'A\:hanneIATIm = r?‘cp(-l-coolamt,out _Tcoolant,in) (W) (1)

The thermal heat load can therefore be estimated by specifying aofswgéace
temperatures, channel diameters, and flow rates, and iterating eachtbdke woolant outlet
temperature.

These relations are strictly confined for the fully developed regiotiseahternal
boundary layer region. The fully developed region (Figure 18) is defined agititénghe
channel where the velocity profile of the boundary layer no longer variegnaitase in channel
distance. This point, referred to as the hydrodynamic entry length, camhetedtfrom the

Reynolds # and channel diameter for the laminar case:

X
( f‘“‘j =~ 005Re
D laminar

Figure 18: Laminar, hydrodynamic boundary layer development in a circular channel. Derived
from [9].
A thermally fully developed condition is likewise represented apdira in the channel
where the fluid temperatures along the thermal boundary layer no longgechih channel

length. The thermal entry length can be estimated as:

X
( fdt J =~ 005RePr
D lamin ar



with Pr = Prandtl #, defined as a ratio of momentum and thermal diffesivi#ith water at 22-
90°C, the Prandtl # varies from ~7-2, respectively. Therefore, hydrodynanyicléwéeloped
conditions will arise closer to the channel entry than the thermaldellgloped case. Figure 19

displays the cross section of the thermal boundary layer.

Figure 19: Thermal boundary layer development in a heated circular tube. Derived from [9].

The coolant flow pumping power presents an additional design variable for the
microchannel heat exchanger. Fluidic pressure differential atrship is primarily attributed
to friction loss through the channel and entrance losses from the transitiaid &fom the

header to the individual pathways. Channel pressure loss is expressed as:

2
AP = fov L

(Pa)

eff
With f = Moody (or Darcy) friction factor, a dimensionless measure of presisop for internal
flow. Similar to a voltage potential across parallel branches ofeatriehl circuit, the pressure
drop across the parallel channels will be identical for even flowliliion. The Moody friction

factor is a function of the surface roughness relative to the chaanet@ir and the Reynolds #:

f=" (dp/ dx)2D

2

3 £
= F(Re,a)

with dp/dx = pressure gradient along the channel wall gand/all roughness height (m). For
laminar flow, regardless of relative surface roughness, the Moatipifrifactor is expressed as:

=22
Re

Due to the inclusion of a constant temperature, electricalarsesheat sink in the
experimental setup, an estimate of the temperature drop across the esmegeded to complete
the model. This was accomplished by examining a derivation of Fourier’s |ander

dimensional, steady state conduction:



q, =—-kOT

q, = kAT =AM, T ) W
with k = material thermal conductivity (W/m K), A = area’lnL = material length (m), and,T
- Ts» = surface temperature difference (K). For a composite wah, the iheat sink/buried
channel chip interface, an overall heat transfer coefficientplemented to estimate the thermal

resistance:

U=—t = :
Roa A (Lheatsmj FR+ Lenip + (1)
kheatsink Y kchip h

with R, = thermal contact resistance (0.2-0.9KhW for 20 um aluminum/silicon epoxy

(W/nt K)

interface [9]) and h = internal heat transfer coefficient (\n The temperature drop across
the interface can be found from the input electric resistance heat flusumadanterface lengths,

and material properties with an expression analogous to Newton’s Law ohgooli

qconductive = U'AhhipAT (W)

The temperature drop from the temperature controller to the iht#raanel surface was
estimated at 6.8-11°Z for the three processed channel diameters.
ii. Experimental Setup

A fluidic data acquisition system was designed and constructed toadwtahsink
capability of the buried channels. Figure 20 presents a diagram of the systh photographs
presented in Appendix B. The system features a constant displacement geammugauges to
capture pressure drop across the chip, thermocouples inline to the fleeotd fluid
temperature, two turbine flow meters to measure coolant flow, and @ebtesnperature bath to
regulate the inlet coolant temperature to the sample. The flow m25e8$Q mL/min sensitivity
range) were operated in series to measure the majority of thecthola A portion of the

coolant through the first meter was directed to the chip through metatiresy Although the



use of an additional flow meter increases the error of the measurensentrtfiguration offered
the greatest flexibility of flow conditions for the initial testipgase. A polyetherimide manifold
served as an interface for the coolant flow system, aluminum heatsand sample chip. A
17.1 W/cni mica flexible heater with temperature control provided thermaltheébe aluminum
heat sink, and thus the substrate of the buried channel sample. The maasfolesigned to
provide a uniform fluid path to the cooling channels while blocking undesirecaflound the

sample.

Figure 20: Schematic of fluidic test setup

iii. Modeled/Experimental Results

Pressure drop and thermal cooling capacity were measured for theetresmples
previously presented. We varied flow rate through each chip from 2-15imidnfour
substrate temperatures. These conditions were likewise enteréukiiterative energy balance
model (1) to compare simulated versus experimental conditions. We peatfamaelditional test
to determine the heat removal of the cooling fluid due to conduction from thiéotda The
experimental data was normalized based on thermal trends evident ihldfaicn. Figures 21-
23 present the experimental and simulated cooling capacity versuaftofor Samples A ({3 =
60 um), B (D = 70um), and C ([ = 72um), respectively. Plotted data points represent an

average of 40 measured values at each condition.

The experimental data clearly fall below the simulated valueltngoperformance at the
higher set-point temperatures. This is most likely due to errorimaggin of surface
temperature. On-chip temperature sensors would allow an accurateicaioifof thermal

epoxy resistance. The experimental data does present similar trexxdding profiles along the



surface temperature, as heat removal is directly proportional to setgroperature. The data
also presents a convergence to a steady state cooling capacityongtsing flow rate. This
trend is expected due to the finite amount of heat conducted by the heatlsn&sstimption of
fully developed conditions along the channel length also presents a sourmgebfemor. The
steady state equations were used to quantify the hydrodynamic and threxpealies in these
regions due to the unavailability of closed form undeveloped estimations.

The high flow, high surface temperature data present an additional phenomenon. Heat
flux values removed from the samples at these points are slightlggifeat the theoretical
uniform maximum heat flux (24 W/cnfor Sample A versus a theoretical 17 W/EmA non-
uniform heat distribution was most likely because the majority of thediek was wrapped in
insulation.

To view the effect of cooling capacity with channel diameter, the empetal thermal

heat flux (W/cm) at the 77C set-point is presented in Figure 24:

The 60um-effective channel diameter sample represents the moseeffi@at sink of
the three samples. This is expected due to the inverse relationshigrdlimeat transfer
coefficient with channel diameter (Nu # = hD/k). The remaining sampigsminimal relative
difference in effective diameter, yielded similar heat remoaphcity.

Figures 25-27 present experimental and simulated differential presspregersus flow

for the three channel geometries.

The experimental data roughly agrees with simulated results for gee &ample sizes.
Pressure drop also decreased at similar flow rates at higher temgewithrthe decrease in

water density. The steep pressure curves in the small diammegeszould possibly be



explained by the estimation of the hydraulic diameter. The ratio of aredrtefs for non-

circular hydraulic diameter estimation fails at geometries evtrex length of a profile is much

larger than the width [11]. In such cases, the hydraulic diametettiedtiesated by the width of

the channel. This estimation could apply to Sample A due to the dimensibrsagtess trench

etch (121um x 33um, Figures 10-11). Figure 28 presents pressure versus flow for the three

experimental chips, along with the adjusted hydraulic diameter mmd®afnple A. The revised

estimate of hydraulic diameter clearly presents a more acenoatel of differential pressure

drop.

The experimental results, along with theoretical thermal and hydrodyeainjclengths,

are summarized:

Sample | Measured | Effective | Channel Modeled Modeled Maximum
Channel | Diameter | Length | Hydrodynamic | Thermodynamic | Measured
Diameter Entry Length Entry Length Heat

Density

(um) (um) (um) (mm) (mm) (W/cm)
A 72.5 60.4 8.23 0.05-0.52 0.26-2.24 24.0
B 88.6 70.2 7.56 0.06-0.69 0.36-3.00 22.2
C 92.0 72.3 6.52 0.07-0.71 0.38-3.25 17.6




V. CMOS Compatibility

The final objective of this research involves the verification tie fabrication recipe
used to create buried channels does not harm the on-chip electronics peréorée
investigated the compatibility between the CMOS circuitry and thenethgrocessing recipe by
observing the performance of a simple 120 gate clock generator ciragéatio a z-axis
accelerometer MEMS device. Trenches were machinegubO@om the circuits using the
identical process steps used to create the cooling microcharpm@igdeon above. Figure 29
displays the clock generation input and output signals prior to anydtbriof channels. A 0.5
MHz square wave output mirrors half of 0-5.25 V, 1 MHz square wave input signaificBigt
noise due to probe impedance mismatching exists in the output signalnbuingortant to the

tests conducted.

Figure 30 displays the identical signal conditions for the clockrg&arecircuit (similar
die) after the buried channel fabrication process. The clock ciraléaddy functional and

unchanged after the silicon etching and ion milling removal of the polymer.



Although future channel designs will better determine the CMOS etéc$/cooling channel
compatibility, initial test results are promising and indicate tfhetouried channel process does
not hinder semiconductor circuit performance. This is consistent withreaults from Guillou
et. al. [16], which demonstrated that released mechanical structurddedategrated pm

away from CMOS circuitry with no observable change in electrical cleistats and

performance.



V1. Conclusions

This research presents a baseline fabrication process recipe éoeation of buried
microfluidic channels in bulk single-crystal silicon. We fabichsilicon heat sinks of varied
diameter using a single masking step. The samples were sealed aagkgdoko a fluidic data
acquisition system to test the cooling capacity of the resulting geemetising electric
resistance to simulate microprocessor thermal heat generatiomgcomtiacities up to 24.0
W/cnt were measured for channel diameters of 72.592.0

The significant contribution of this effort to the goal of integdatluidic microprocessor
cooling lies in the use of low temperature fabrication processesdteanicrochannels. We
demonstrated that polymer films can be deposited as sidewall protectiomandssan etch
mask to Xekprocessing gases. Whilgkg has been used previously as sidewall protection for
the formation of scalloped undercuts in open areas [19], the derivedirettipeeffort presents
the additional advantage of machining undercut channels with the use afrsmask features
(20 um wide trenches). Further optimization in feature reduction preenossibility of
surface integration with CMOS electronics.

The experimental thermal analysis served to observe the affadiannel geometry on
cooling capacity. The clear goal of this research lay in the creationiefllboicrochannels of
10-50um in diameter. Smaller channel diameters produce fully developedioosdiloser to
the entrance of the channel as well as increase the heat tramsféné silicon substrate to the
coolant. With greater efficiency cooling, the heat load can be satistietbwer pumping rates,
reducing the size and power consumption of the circulating pump. The microchammetedi
size in this analysis was directly attributed to the minimunkrfesture size attainable during
processing. Significant sidewall degradation occurred when attemptingctesprchannels
below mask sizes of ;m. The 2Qum mask features led to channels of 73482in diameter,

which in turn required relatively high flow rates to satisfy modest heetglof ~24 W/crh By



optimizing the recipe to reduce feature size, higher heat capaeitidse obtained at lower

pumping rates.

A number of areas of improvement have been identified for future reseHney

include:

1)

2)

3)

4)

5)

CMOS integration Using either backside masking or integrating with circuitry, a
high quality aluminum mask would eliminate photolithography error and &eatur
expansion. On chip polysilicon resistance heaters would eliminate tthéonee
thermal bonding as well as offer high thermal heat generation. CMOS tdorper
sensors could give an accurate substrate temperature profile durimgcool

Feature reduction In addition to integration and cooling efficiency, smaller feature
sizes offer greater flexibility in sealing the access trenchbis process was proven
successfully with 2um trenches, but further optimization could determine the
feasibility of 5um trenches as well as access holes.

Additional low temperature passivatiofhe STS ICP polymer deposition rate was
measured to vary up to 15% for extended 8.5 minute processes. Due to the porous
nature of the passivation, Xggas was also able to penetrate through the silicon in
thin regions of the sidewalls. Future research could determine thi@vess of

lower temperature growth (~46Q) SiO, as a sidewall mask.

Boiling. Phase change heat transfer will be needed to successfully cool
microprocessors with thermal heat loads up to 300 W/drhis leads to the need for
microscopic inspection of bubbles at the outlet header of the test hig)las
improved packaging.

Customized flow metefThe flow divider system used in the experimental setup was

selected in order to accommodate the high flow requirements of the flarsmet



6)

Custom meters with sensitivity ranges as low as 30 mL/min would offategr

accuracy and simplicity.

Custom packagingrhe manifold used to house the test chip was driven in part by the
need to house the electric resistance heater. Packaging witls @4Cchips would
eliminate heat transfer to the fluid through the manifold and allow wire bonding a

the chip surface.
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VIII. Appendix A

Microchannel Processing Recipe

4 um SiQsilicon wafer, ~1.5 cm x 1.5 cm cleaved samples

Step Time (min) Pressure | Flow (sccm) Power (W) Additional
(mT)

1-2 | Photolithography AZ 4620, 3K rpm, 120 sec
(Karl Suess 110°C hot plate, 17 sec. eX
MA56) @ 14.1 mJ/c 60 min.

120°C oven hard bake

3 SiQ, etch (PTI) 112 125 CHF22.5; 100

No: 5
4 DRIE (STS) 70: 12/8 sec| Etch: 22; | Etch: Sk: 130, | Etch: 600 coil, | Etch rate: 2-2.um/minute
etch/passivate Pass: 12 | O,: 13; 12 platen;
cycle Pass.: GFg: 85 | Pass.: 600 coil
5 Isotropic (STS) 3 32 QF130, 600 W coil, 3 | Etch rate: 2-2.fum/minute
CiFg: 18 W platen

6 Passivation 8.5 12 GFg: 85 600 W coil Deposition rate: 0.1-0.12
(STS) pm/min

7 lon milling 2-3 1.4 30 700 W call, Platen bias voltage: 80-13(
(STS) 150 W platen | V

8 RIE (STS) 0.3 22 SF130, Q: 600 coil, 12

13 platen

9a | Oven cure 30 T=206C

9b Isotropic (Xactix| A: 20 Xe: 2 60 sec. cycles
Xek,) B: 23 N,: 10

C: 33

10 Oxygen plasma | 20 150 50 100
(PTI)

11 Wafer bonding Epotek 302-3M, 4K rpm, P

hr. 60°C cure




