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Microchannel Reat Sinks

Microchannel heat sinks can be used in a wide variety of applications, including
microelectronics, diode laser arrays, and high-energy-laser mirrors. Heat sinks that
can be used to cool diode laser arrays have been fabricated in indium phosphide (lnP)
with a thermal resistance as low as 0.072°C/(W/cm2}, which allows these devices to
dissipate loads in excess of 1,000 W/cm2• This thermal resistance is nearly two orders
ofmagnitude lowerthan that achievedbythe methods presentlyused in the microelec
tronics industry. A heat-:sink thermal- and fluid-performance model is presented;
microchannel fabrication techniques are described for loP and aluminum.

The contradictory requirements ofhigh heat
dissipation and low temperature rise are com
monly demanded for a wide variety of applica
tions. (For a description of some of the poten
tial uses for microchannel heat sinks, see Box,
"Appli~tions.") High-energy-Iasermirrors, sur
face-emitting laserdiode arrays, and high-speed
microelectronic devices, for example, can dis
sipate 10to 1,000W/cm2 , yettemperature rises
generally must not exceed 100oe. The unique

- construction of microchannel heat sinks en
ables these elements tobringa heat source and
a heat sink into very close thermal proximity,
thus minimizing thermal resi§tance.

A microchannel heat sink consists of very
small channels and fins in a parallel arrange
ment (Fig. 1). The heat sink is very close to the
device that requires cooling; conduction trans
fers heat from the active device to the heatsink.
Heat is then transferred from the heat sink to
the outside worldbypassinga coolant, usually
a liquid, through the channels.

The distinguishing feature of microchannel
heat sinks is the size oftheir cooling channels.
The same microfabrication techniques thatare
used for the fabrication of electronic devices
can be used to make heat sinks 11-4]. These
techniques permit reliable fabrication of high
precision channels with channel widths, WC'

and fin widths, Ww ' as small as 50 ""m and
channel heights, b, as great as several hundred
microns. When liquids like water are forced
through these channels under pressures on
the order of 10 psi. heat transfer rates can rival
boilingheattransfer. (To withstandthe coolant
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pressure, the substrate must have a thickness,
t. on the order of 100 ""m).

CONVECTIVE FLUID FRICTION AND
BEAT TRANSFER

As with other heat-dissipation analyses,
thermal and fluid perlormance for microchan
nel heat sinks can be modeled with Reynolds
numbers, apparent friction factors, Nusselt
numbers. andparameters thatdescribe the ther
mal and fluid perlormance of the coolant. The
thermal performance depends, in part, onwheth
er the coolant flow is laminar or turbulent.

As coolantenters a channel (Fig. 2), a bound
ary layer develops within the coolant. This
boundary layer separates the uniform-velocity
core from the stationarycoolant at thewall (the
"no-slip" boundary condition). The boundary
layers will increase in thickness as the coolant
flows through the channel. until the velocity
profile achieves a "fUlly developed" profile,
which does not change with downstream dis
tance. The flow upstream from that point is
saidtobe "developing"; the flow downstream is
"fully developed."

The Reynolds number, Re, which is the ratio
ofinertial to viscous fluid forces. canbe used to
estimate the transition between laminar and
turbulent flow:

where V is the average coolant velocity in the
channel. De is the equivalent diameter of the

31



Phillips - Microchannel Heat Sinks

Applications

Microchannel heat sinks offer
solutions to thermal dissipation
problems for many existing and
developing applications. As
shown in the Fig., heat dissipa
tion rates in computer modules
can reach levels that equal those
encountered by space vehicles
upon reentry into the earth's at
mosphere [18]. But unlike reen
try vehicles, the maximum sur
face temperature of the ICs in
computer modules usually must
be less than 100°C. In contrast,
reentry vehicles are designed to
withstand temperatures of more
than 1,OOO°C.

Because high-energy-Iaser mir
rors typically absorb about 0.1%
ofincidentlaserenergy, theycan

experience heating rates of 10 to
100 W/cm2• In spite of this high
thermal flux. the temperature var
iation of these mirrors must be
minimal. Distortion ofas little as
250 Acan seriously degrade the
optical performance of a high
energy-laser mirror.

Arrays of surface-emitting
GaInAsPIInP diode lasers are be
ing developed as laser pumping
sources, optical interconnects
for ICs, and as two-dimensional
communication-switching de
vices. These arrays require high
capacity, high-efficiency heat
sinks.

The Table lists thermal param
eters for some state-of-the-art

computer modules. The highest
heat dissipation demonstrated
to date is 40 W/cm2 for a single
chip module. Multichip modules
have somewhat lower heat dissi
pation figures. When averaged
across an entire multichip mod
ule, heat dissipation is generally
less than 3 W/cm2• Use of micro
channel heat sinks could accom
modate more than 1,000 W/cm2•

Prototypes of microchannel
heat sinks for commercial appli
cations are under development.
Devices may be marketed by
1990 - less than ten years after
the frrst development ofthe tech
nology.

Very large scale integrated circuits dissipate on the
order of 10 W/cm2 Within the next decade, some chips
will dissipate 100 W/cm2 - as much heat as a nuclear
blast [18].

Thermal Parameters for Computer Modulesa

Maximum Average
ReoeTechnology Chip q" Module q"

(W) (W)
(Zc/W)

Single Chip
Hp Finstrate 10.1 <8.7
Hitachi 5-810 13.1 7.0
Burroughs PGA 24.3 12
Motorola MCA-2 24.5 3.3
Sperry Compact HX 40 4.9

Multichip Module

Mitsubishi HTCM 6.25 0.83 7.3
NEC SX LCM >8.4 1.6 5
Hitachi RAM 13.1 0.8 34.7
IBM 4381 17.0 2.2 17.0
IBM 3090 TCM 29.8 2.2 8.7

·See Ref. [t 8]
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Fig. 1 - These views of a microchannel heat sink include the side view, which shows the longitudinal coolant flow
through a heat sink with channel length, L. The bottom, "end-on" view shows the channel width, We, fin width, W w,
channel height, b, and substrate thickness, t.
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Fig. 2 - As coolant flows through a channel, the flow pattern changes from "developing" to "fully developed" flow.
The distinctive feature ofdeveloping flow is a change in the velocityprofile of the coolant. The profile vectors change in
the region of developing flow, but remain constant in the fully developed region.
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Table 1 - Approximate Values of Convection
Heat Transfer Coefficients [7]

If
channel [here De =lIb Wc/(2Wc + 2b)), and vfis
the kinematicviscosity ofthe coolant. Channel
flow is usually considered to change from lam
inar to turbulent flow at Re = 2,300.

The thermal and fluid performance charac
teristics of a coolant depend on both the flow
regime and on whether the flow is fully devel
oped. In general, the rate of heat transfer
increases as the coolant velocity increases.
But as the coolant velocity increases, the cool
ant pressure-drop also increases, and greater
pumping power is necessary.

The coolant experiences a pressure drop LlP
of

Mode

Free convection, air
Forced convection, air
Forced convection, water
Pool boiling, water
Flow boiling, water

tor (5) can be expressed as

fapp =A (Re*)B

5-25
10-500

100-15,000
2,500-35,000
5,000-100,000

L (pf V2)
~P = 4fapp (De) 2 fk

where fapp is the apparent friction factor, L is
the channel length, Pf is the coolant density,
and~ is a units constant. The low-Reynold's
number, turbulent-flow apparent friction fac-

102

Q)

0:
a.
a.
ro..... a::::; 0.1

~ 10.0

a = 5.0

a = 2.0

a = 1.0

where

1.01612 __ -0 2680 _ 0.31930A= 0.0929 + B
L/De' . L/De'

and Re* is based on the "laminar equivalent
diameter" of a rectangular channel [(2/3) +
(11/24 a) X (2 - 1/a)) De .InFig.3, the laminar
flow apparent friction factor is plotted as a
function of channel aspect ratio (a = b/Wc)'

The rate of heat transfer per unit area, q",
from the channel walls to the coolant is propor
tional to the heat transfer coefficient, h:

q" = h ~T

where LlT is the temperature difference between
the channel wall and the coolant. The heat
transfer coefficient is usually expressed in the
form ofthe dimensionless Nusselt number, Nu:

Nu= hDe (1)
kf

where kcis the thermal conductivityofthe cool
ant. The Nusselt number for turbulent flow is
(6)

Nu = 0.012 [1.0 + (~e) 2/3] (ReO.87 _ 280) Pr>.4 (2)

where x is the distance from the channel en
trance and Pr is the Prandtl number ofthe cool
ant (the ratio ofhydrodynamic to thermal diffu
sivities ofthe coolant). The Nusselt number for
laminar flow with several channel aspect ratios
is illustrated in Fig. 4.

10-2 10-1 100

Re/(L/De) +
Fully Developed Flow ---.J

101 L...-..................................u....----'-......................."""---'--L..............LL..L.I.I

10-3

Fig. 3 - Laminar-flow apparent friction factor varies
with channel aspect ratio and Reynolds number. A chan
nel aspect ratio of 1: 1 (channel width equals channel
height) provides the lowest fapp Re product.
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a = 1.0

Fig. 4 - Deeper channels increase the Nusselt number.

L/(DeRePr)

where c is a constant that depends on the
shape ofeach heat source (eg, c =4 for a square
heat source [8]), kw is the thermal conductivity
of the material, and a is the characteristic
dimension of the heat source shape.

Conduction through the solid material be
tween the heat-source surface and the chan
nel-base-fin-base plane adds another compo
nent to the thermal resistance. This resistance,

R"solid' is

incompressible, that the surface heating is spa
tially and temporally constant, that the tem
perature gradient through the fin thickness is
small compared with that along the fin height,
and thatthe fin tip is insulated (no heat transfer
from the cover plate). Conduction ofheat in the
streamwise direction in the fin and the coolant
is ignored. It is also assumed that the coolant
temperature and the heat transfer coefficient
are uniform over the entire channel surface at
any given distance from the channel entrance.

Based on a single channel and an adjacent
fin, the total thermal resistance, R"tot, is

(
~TSurf) ~Tsurf

R"tot=L(Ww + wcl Q = ~

where L:1Tsurf is the peak surface-temperature
rise above the inlet coolant temperature (ignor
ing viscous dissipation heating), Q is the total
heating rate over the channel and fin pair, and
q" is the uniform surface heating rate per unit
area

R"solid = ( ~)l + (~)2

where t is the thickness ofeach solid layer, and
kw is the thermal conductivity of the material.

The total thermal resistance can be divided
into several components. Figure 5 identifies six
of these components. If many discrete heat
sources are used, the thermal-spreading (heat
dispersion) resistance, R"spread' distributes the
heat flow until the heat flow just below the sur
face of a discrete heat source (such as an IC) is
uniform. This thermal-spreading resistance is

L(Ww + wcl
R" d-sprea - c kw a

100

a = 3.0
a = 2.0

a ~ 10.0

10-110-2
3 '----'---l...J.....L..L.U-l.I...----l---'-..L-L..LJ..LJ.J....----L--'-....L..J...L..l..U.J

10-3

10
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A close look at the thermal model of a heat
sink reveals the key to the microchannel heat
sink's performance advantage. The thermal per
formance of a heat sink is often specified in
terms of its total thermal resistance. Several
common assumptions are used to construct a
thermal-resistance model. For example, it is
assumed that the coolant flow is steady and

As Fig. 4 shows, a microchannel heat sink
with an aspect ratio of 4 can have a fully devel
oped Nusselt number of 5.35. Using Nu = 5.35,
kr = 0.6 W/m-oC (liquid water), and assuming a
channel equivalent diameter (De) of 100 p'm,
Eq. 1 gives a heat transfer coefficient of about
32,000 W/m2_oC.

Table 1 compares the approximate range of
heat transfer coefficients commonly found in
other modes of heat transfer [7]. The rate of
heat transfer from microchannel heat sinks is
orders of magnitude higher than for forced-air
convection, and is comparable to that ofboiling
heat transfer. But because impulsive expan
sions are associated with boiling heat transfer,
this method can reduce the reliability of inte
grated circuits (ICs).

THERMAL RESISTANCE MODEL
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IC Chip
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Microchannel
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•Coolant Flow

Fig. 5 - Thermal resistance components.

into the base of the fin. The thennal resistance
due to constriction. R"con. is [10]

(Ww + we! 1
R" = In --------

con 1Tkw sin [1TWw/(2Ww + 2We!l

This equation assumes that all of the heat is
conducted through the fin before being con
vected to the coolant. In reality. some heat is
convected from the channel base, thereby mak
ing the constriction thennal resistance some
what smaller than predicted. This difference is
small and is ignored for simplicity.

A convection thennal resistance. R"conv' is
associated with heat conduction through the
fin and convection from the fin and channel
base surlaces. The value of this resistance
component is

The interlace between the heat source and
the heat sinkgives rise to the interlace thennal
resistance. R"into A microchannel heat sink
can be manufactured as an integral part of an
Ie. which eliminates this component of ther
mal resistance. However. if a heat sink is built
separatelyand then attached to a heat source (a
"cold plate" arrangement) then the value of
R"int depends upon the attachment method.
Various thennal interlaces, such as solder and
epoxy bonding. thennal grease, and gas layers
are in common use. A newlydeveloped method.
the microcapillary thennal interlace. provides
very low thennal resistance [4.9]. (For more
details. see Box. "Thermal Interlace Tech
niques.")

Fins transfer more heat than the fm-base sur
face could if it were directly exposed to the
coolant. The heat flow is therefore funneled

(Ww + we!
R"conv=

h Wc + 2 h b 17f
(3)
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Thermal Interface Techniques

This microcapillary interface features a thin gap with
low thermal resistance.

The thermal resistance be
tween a heat source and a heat
sink can be lowered in several
ways. Bonding methods (epoxy,
solder, etc.) form a solid inter
face. A solid interface, however,
is subject to mechanical stress
due to the differences between
the coefficients ofthermal expan
sion of a heat sink and a heat
source.Anda solidbond can have
gas voids, which act as thermal
insulators. Furthermore, a solid
bond can be formed only once 
a heat sink cannot be easily re
movedwithout damaging itselfor
the heat source.

Gas-layer interfaces, such as
He, are difficult to implement be
cause theyrequire a microscopic
interface gap between optically
flat dust-free surfaces. Liquid
layer interfaces, such as thermal
grease, often require large com
pressive loads to keep the inter
face gap small.

The microcapillary interface,
developed atStanfordUniversity,
provides a low-resistance inter
face that has none of the above
problems [4,9). As shown in the
Fig., this interface uses reen
trant channels that are partially

filled with a high-surface-tension
liquid. The surface tension de
velops a strong attractive (suc
tion) force between the two sur
faces, resulting in an interfacial
gap that is typically less than 0.7
J.Lm. The interface is reusable; the
heat sink and the heat source
can be separatedwithout damage
to either device. Because the in-

To Microchannel I
Heat Sink •

terface is a liquid, differences in
thermal coefficients of expan
siondo notcauseproblems. More
over, the close spacingofthe heat
source and heat sink does not
require optically flat surfaces or
large compressive loads. Ther
mal resistance as low as O.02°C/
(W/cm2) have been measured for
this type of interface.

Reentrant
Capillary
Channels

where l1f is the fin efficiency:

_ tanh (mb) _ ( 2h ) 0.5
T/f- mb ,m - kwWw

The first term in the denominator of Eq. 3
represents convection from the channel base;
the second term represents convection from
the fin.

The final thermal resistance component is
associated with the bulk temperature rise of a
liquid coolant from the channel entrance. This
temperature rise is caused by absorption of
heat from fin and channel base surfaces. The

The Lincoln Laboratory Journal, Volume I, Number 1 (1988)

coolant bulk temperature rise thermal resis
tance, R"bulk' is

x(Ww + wei
R"bu1k= ----

PfCpfbWc v

where Cpf is the coolant specific heat.
One phenomenon causes a temperature rise

independentofthe heating rate, so it cannotbe
formulated as a thermal resistance. This is the
coolant temperature rise due to the conversion
ofmechanical energy (fluid pressure) into ther
mal energy (fluid temperature rise), ~Tvisc:

AP
ATvisc =P C J

f pf
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where J is the mechanical equivalent of heat
(1.0 N-m/J).

Combining the total thermal resistance com
ponents, the total temperature rise, LiTtot' of
the heat source surface, including viscous dis
sipation effects is

Figure 6 shows a typical surface temperature
distribution in the streamwise direction of the
coolant. The surface temperature increases
with distance from the channel entrance be
cause the coolant temperature rises and be
cause the heat transfer coefficient decreases
with distance from the channel entrance. (Nu
decreases with increasing x - see Eq. 2 and
Fig. 3.) If the microchannel heat sink is longer
than the surface heat source, some heat is
conducted laterallyfrom the heat source [5), as

LiTtot = R"tot q" + Il.Tvisc

where

R"tot = R"spread + R"solid + R"int + R"con

+ R"cony + R"bulk

(4)

shown in Fig. 7. The dotted curve of Fig. 6
shows the coolant temperature; the dashed
curve shows the surface temperature.

PERFORMANCE PREDICTIONS

Based on the thermal-resistance model sum
marized in Eq. 4, a computer program was writ
ten. This program predicts the thermal and
fluid performance of microchannel heat sinks.
A complete program listing appears in Ref. 5.
The program has been used to compute the
thermal and fluid performance for a wide vari
ety of coolant flow-rate constraints and heat
sink designs. It permits variable property ef
fects in both the coolant and in the heat-sink
material.

The coolant is assumed to be a liquid, so
compressibility effects in the coolant are not
included in the computations. Furthermore,
R"spread and R"int are omitted from the calcula
tions. R"spread usually is small and varies con
siderably with geometry; R"int varies consider
ably with the type of interface used.

Predicted Peak Surface Temperature

Tf,in

~Extent of Heat source--.l
I Predicted Surface IITemperature Profile
I (Without ThermalI Spreading)

I

I
I

I
I

I

Actual Peak Surface Temperature

Actual Surface Temperature Profile
(With Thermal Spreading)

----t~~ Flow
•

-----1~~ Direction

Fig. 6 - Various thermal resistance components, the greatest being R"bulk and R"conv,
contribute to the temperature variations in the stream wise direction within a heat sink.
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Coolant Flow

an R"tot smaller than 0.1°C/(W/cm2 ). The re
quired pumping power per unit surface area is
less than 10 W/cm2 •

The blue and red CUlVes in Fig. 8 show the
effect on the heat-sink performance of chang
ing the channel length. The thermal perfor
mance of the shorter channel design is supe
rior, but this performance is obtained at the
expense of a large increase in the pumping
power requirement. The thermal performance
of the longer channel design is not quite as
good, but the coolant distribution system to
and from the heat sink is considerably simpler.

If a heat sink is made of copper, the total
thermal resistance decreases - the thermal
conductivity of copper is 2.7 times that of sil
icon (red CUlVes in Fig. 9). To improve heat-sink
performance, a heat sinkand an IC can be fabri
cated independentlyand then bondedvia a low
thermal-resistance interface (such as a micro
capillary interface). The copper microchannel
heat sink can provide better thermal perfor
mance than a heat sinkdirectlyfabricated with
in the IC itself.

The orange CUlVes in Fig. 9 show the effect of
using Freon (CCI2F2 ) as the liquid coolant,
rather than water. Because of its low reactivity,
Freon is commonly used in direct-contact pool
boiling cooling for electronics. The thermal
performance of Freon is not quite as good as
the thermal performance of water, but the
pumping power requirements are similar.

The blue CUlVes in Fig. 9 show the result for
constant pumping power per unit heater-sur
face area, P"; the green CUlVes show the result
for constant coolant volumetric flow rate per
unit of heater surface, V". For IlXed pumping
power, the optimal laminar flow design occurs
at We = 50 ~m. For the fixed flow-rate con
straint, the thennal resistance increases and
the pumping power decreases with channel
width.As expected, the constraints predict iden
tical performance for P" = liP . V".

FABRICATION

Large arrays ofsurface-emittingGaInAsPIInP
laser diodes [12] can dissipate several hundred
WIcm2•To address this coolingchallenge, micro
channel heat sinks were fabricated in InP, the

b) Transverse
Direction

/t

a) Streamwise
Direction

Temperature Profiles with
Thermal Spreading

Fig. 7 - Effect of thermal spreading at the heat-source
perimeter.

---- Temperature Profiles without
Thermal Spreading

----1.~ Flow •___-1:~ Direction ----1:~

t t t t t

Figures 8 and 9 show thennal resistance and
pumping power per unit area as functions of
channel width. (See Refs. 5 and 11 for addi
tional performance prediction comparisons.)
The results for a reference-case heat-sink de
sign are given bythe three solid CUlVes in Fig. 8.
(R"solid and R"con are not shown because they
are small and vary little with channel width.)
These CUlVes show that R"bulk decreases with
increasing channel width because more cool
ant can be forced through a channel with a
larger equivalent diameter, for a given overall
pressure drop. R"conv increases for laminar
flow; it is somewhat smaller for turbulent flow.
Total thennal resistance is dominatedbyR"bulk

for small channel widths and by R"conv for
moderate to large channel widths. The results
show that a microchannel heat sink can have
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Fig. 8 - Total thermal resistance and pumping power requirements are shown as functions of channel width. The
pressure drop is held constant for these curves.
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Fig. 9 - Total thermal resistance and pumping power requirements are shown for various coolants, heat-sink
materials, and coolant flow-rate constraints.
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substrate material of these laser diodes. Other
researchers have produced microchannels in
Si, but this is the first demonstration of micro
channel heat sinks in InP. A method was also
developed to fabricate microchannels in
aluminum.

Two methods have been used to fabricate
microchannels: precision sawing and orien
tation-dependent etching. Precision sawing
with semiconductor dicing saws is an efficient
production technique for Si. However, because
of its brittleness, sawing does not work well
with InP [5]; an InP heat sink's fins frequently
chip and break.

Unlike sawing, orientation-dependent etch
ingworks well in forming microchannels in InP
[5] and in Si [1,2,4]. Microchannels were etched
along the <011> direction in InP, using a 3:1
mixture (by volume) of H3P04 :HCI at room
temperature. The channels were patterned in a
3,000-A layer of phosphosilicate glass (PSG),
applied to a polished chip surface thatwas pre
etched with full-strength potassium ferricya
nide. (Pre-etch is required for good adhesion of
the PSG. Without the pre-etch, undesirable
undercutting occurs.) The channel depth etch
ing rate averaged 0.62 j.lm/min, and the under
cutting etching rate averaged 0.22 j.lm/min.

Figure 10 shows three views of InP micro
channel heat sinks. The top view illustrates
that the channels do not extend to the edge of
the chip, which eliminates the need to seal the
channel ends. The channel-end shape is shown
in a streamwise view; the angle of the solid
material is 35° to 38°. This angIe helps deflect
the inlet and outlet coolant flow and therefore
helps reduce the pressure drop.

The wavy appearance ofthe fin tips in the top
view is due to drooping ofthe PSG mask (caused
byundercutting). This waviness produces rough
ness features in the channel walls, which prop
agate to the fin base as the 35° to 38° triangular
shapes seen in the streamwiseview. This rough
ness can serve as a turbulence promoter. In
creased turbulence increases heat transfer
rates at the expense of increasing pumping
power requirements. The channel bottoms in
the top view have a "granular" texture. This
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texture is due to small mounds created by
defects. These defects are in the polished sur
face before etching starts. The mounds also
have 35° to 38° edges.

The transverse view in Fig. 10 shows that the
channel and fin cross-sections are quite uni
form. When the PSG mask adheres properly,
the channel uniformity is generally within 5%.
Channel uniformity of 5% or better is recom
mended because thermal performance (for the
same pumping power) decreases exponentially
with increasing nonuniformity [13].

As an alternative to forming microchannels
in InP chips, fabrication techniques were devel
oped for cold plate microchannel heat sinks. A
numerical-control milling machine was used
to cut microchannels in aluminum [5]. An arbor
was constructed with five 250-j.lm (thickness)
X 3.175-cm (diameter) circular jewelers' saws,
each separated by 240-j.lm shim-stock. A mil
ling rate of 1.25 cm/min produced heat sinks at
a rate of approximately 20 cm2/h.

Increasing the number of saws will provide
the production rates necessary for mass pro
duction and commercialization. Other fabrica
tion methods, including extrusion and laser
machining, may also be suitable for mass
production.

EXPERIMENTS

Thermal and fluid performance tests have
been conducted on microchannel heat sinks
fabricated directly within InP substrates. The
three-sided etched-channel chips were pack
aged to provide coolant flow to and from the
chip, as shown in Fig. 11. A cover plate with
inlet and outlet manifold slots was epoxied to
the chip. The cover plate is Corning #7059
glass, which has a coefficient of thermal ex
pansion that closely matches the coefficient of
InP. Trabond F-113 epoxy, which wets InP sur
faces well (ensuring strongbonds), was used to
bond the chip to the cover plate. The epoxy has
good stability at the chip operating tempera
tures for periods in the tens of hours. (No long
term tests have been conducted to date.) Dev
con five-minute epoxy was used to attach the
cover plate to the Lexan coolant-manifold
block.
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a) Top View (~21O-J,Lm-Wide Channels on 375-J,Lm Centers).

b) Streamwise View (b ~ 160-J,Lm).

c) Transverse View (~160-J,Lm-Wide Channels on 250-J,Lm Centers, a - 1.0).

Fig. 10- Orientation-dependent etching produced these InP microchannels.

The resistor heat-source design thatprovided
the thennalloadfor the heat-sinktests is shown
in Fig. 12. Four 0.25 X 0.25-cm square resistors
were fabricated directly into the top surface of
the test chips. The resistance was typically 16
to 19 fl/square; the resistance uniformity
amongthe four resistors wasbetterthan ±1.1%.
Each resistor received power independently of
the other resistors, which allowed investiga
tion of thermal spreading at each heat-source
perimeter.

The fluid performance of a typical micro
channel heat sink is shown in Fig. 13. In this
figure, the pressure drop is plotted as a func
tion of Reynolds number. The uncertainty in
the Reynolds number is primarilydue to uncer-
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tainty in the channel equivalent diameter. The
uncertainty in the pressure drop is approxi
mately equal to the size of the data points. The
predicted pressure drop agrees, within 5% to
10%, with the experimental data for laminar
flow. (Roughness does not seriously affect the
apparent friction factor in laminar flow.) The
turbulent flow pressure drop predictions, how
ever, are low because those predictions as
sumed that the channel surfaces were smooth.
The apparent friction factor is larger than it is
for smooth surfaces because the roughness
features extend past the turbulent-flow lami
nar sublayer.

The thermal performance of a microchannel
heat sink fabricated in Si is shown in Fig. 14.
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Fig, 11 - This coolant-distribution manifold supplies coolant to microchannel heat sinks during thermal tests,

The thennal performance predicted using the
theory in this article is presented for compari
son. Because the heat source is large, thermal
spreadingdoes not seriously affect the thennal
performance.

InP microchannel heat sinks were tested at
heat dissipation rates as high as 1,056 W/cm2

with thermal resistance as low as 0.072°C/
(W/cm2 ). A contour map of typical surface tem
perature profiles for microchannel-cooled InP
chips is shown in Fig. 15a This figure shows

how thermal spreading affects the thermal
performance of a heat sink. Thermal spread
ing influences thermal performance because,
in this case, the thennal-spreading diffusion
length is comparable to the size of the resistor
heat sources. Figure 15b compares theory and
experiment - the predicted total thennal resis
tance is approximately 20% larger than the ex
perimental result. This discrepancy is thought
to be the result ofthe use oftwo superimposed,
one-dimensional thermal-spreading models to
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•

a) Photographs of a Typical Test Chip

Resistor Definition Slots

25 J.lm AI Wire
/ITO Gold-Plated Alumina!

Gold Metallization

S.+---Semi-Insulating InP

~O.25 cm-.j

~ f.-1.0J.lm

View A-A (Enlarged)
Flow Direction
for Transverse
Thermal Spreading

Tests ~

Flow Direction
for Streamwise
Thermal Spreading--..
Tests

A

A

O.25-cm Square Resistor (Typ.)

Gold Metallization (Typ.)

~tftl""'I--+---- 25 J.lm AI Wires (Typ.)
(Approx. 15 Wires/mm of
Metallization Length)

~ Gold-Plated Alumina (Typ.)

.....1------- Power Supply Wire (Typ.)

,'-------Metallization Voltage Wire (Typ.)

b) Schematics

Fig. 12 - These test-chip resistors provided thermal loads to heat sinks to measure the heat sinks' dissipation
capability.
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Distance from Upstream Heater Edge (m)

Reynolds Number

Table 2-
Experimental Performance Parameters

Ref.
Heater Size Ww We b L
(em X em) (pm) (pm) (pm) (em)

[14] 0.508 127 127 12.700 0.635
[15] 0.7 2,540 5,870 1,000 5.0

(est.)
[16] 0.8 2,540 800 400 8.3

(est.)
[17] 0.8 340 340 900 2.4
[4]a 1.0 35 55 400 2.00

(overall)
[5] 0.25 155 220 165 0.97
[19] 3.8 100 200 1,700 5.0

Pressure Flow Therma/
Ref. Coo/ant Drop Rate Resistance

(kPa) (em3/sj/em2 [OC/(W/em2)]

[14] Air 1.2 1,940 088
[15] Water 110 7.9 0.17
[16] Water 20 0.21 2.1
[17] Water 20 0.32
[4] Water 365 4.73 0.083
[5] Water 267 11.3 0.072
[19] Water 4.4 0.29

Air 88.9 10.1

a35-l'm (length) interrupted cooling fins as opposed to continu
ous fins.

because it depends on the applications for
which the heat sinks were designed. For exam
ple, some heat sinks were designed as multi
chip modules [15-17], which do not perform
quite as well as single-chip modules [4,5]. Part
of the performance advantage of single-chip
modules comes from fabricating microchan
nels directly within a chip. The channels of
multichip modules, in contrast, are fabricated
in a cold plate to which the chips are attached.

CONCLUSIONS

0.010

We = 64 J.Lm

Ww = 136 J.Lm

b = 245 J.Lm
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0.0060.002
co....o
~

co
E....
OJ
~

~

~

N
E
u
~ 0.3

::::::-
u
2.....
OJ 0.2
u
c
co....
Ul

~ 0.1
0::

Fig. 73 - Predicted and experimental values of pres
sure drop are plotted as functions of Reynolds number.

--- Theoretical Values
---Experimental Data Points Obtained

from Ref. 4

V" = 1.277 (cm3/s)/cm2
q" = 34 W/cm2
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80
Coolant = Water 20°C

Ul Ww = 155 J.Lm
c. 60 We = 220 J.Lm
c.
0 b = 165 J.Lm....
0

40 L = 0.97 cm
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:::::l
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20OJ....
a..

0
0 1000 2000 3000

Fig. 74 - The local thermal resistance of a water
cooledSi microchannel heat sink increases with increas
ing distance from the upstream heater edge.

predict lateral thermal spreading at the heat
source perimeter, instead of a detailed two
dimensional model [5].

Table 2 lists experimental results reported
by several researchers who have studied micro
channel heat sinks. The relative performance
of the heat-sink designs is difficult to rank,

Microchannel heat sinks dissipate large
amounts of heat with relatively little surface
temperature rise. These heat sinks are useful
for a wide variety of applications, including
microelectronics, diode laser arrays, and high
energy-laser mirrors. The thermal performance
of microchannel heat sinks is approximately
two orders of magnitude better than the ther
mal performance of other devices currently
used to cool microelectronic devices. Furth
ermore, the pumping power required to force
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I Flowt Direction

q" = 170.9 W/cm 2

a) Surface Temperature Contours for

One Heater Energized

0.25.--------------...,

b) Comparison Between Data and Theory [5]

~ Distance from Upstream Heater Edge (mm)
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liquid coolants through these heat sinks can
be kept to less than 10 W/cm2•

Byusing orientation-dependentacid etching,
microchannel heat sinks can be fabricated in
<100> InP. The thermal performance of InP
microchannel heat sinks is excellent - ther
mal resistance as low as 0.072°C/(W/cm2 ) and
heat dissipation as high as 1,056 W/cm2 have
been measured for InP heat sinks. Fabrication
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Symbols

a Heat source characteristic R"int Interface thermal resistance
dimension [m] [OC/(W/cm2)]

b Channel height [m] R"solid Solid material thermal resistance
Cpf Coolant specific heat [J/kg_0C] [OC/(W/cm2)]

De Channel equivalent diameter [m] R"spread Spreading thermal resistance
fapp Apparent friction factor [OC/(W/cm2)]

& Units constant [kg-m/N-s 1 R"tot Total thermal resistance
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[W/m2_0C] Re Reynolds number
J Mechanical equivalent of heat t Solid material thickness [m]

[N-m/J] V Average coolant velocity [m/s]
kf Coolant thermal conductivity V" Coolant volumetric flow rate per unit

[W/m-°C] surface area [(cm3/s)/cm2 ]

kw Heat-sink material thermal conduc- We Channel width [m]
tivity [W/m-°C] Ww Fin width [m]

L Channel length [m] x Distance from channel entrance [m]
m Fin efficiency parameter [m- l ] Tlf Fin efficiency
Nu Nusselt number Ct Channel aspect ratio
P" Pumping power per unit surface area 6.P Coolant pressure drop [N/m2]

[W/cm2] 6.T Wall-to-coolant temperature differ-
Pr Coolant Prandtl number ence [0C]
q" Heat transfer rate per unit area 6.Tsurf Peak surface temperature rise above

[W/m2 j inlet coolant temperature [0C]
Q Total heating rate [WI 6.Ttot Total temperature rise [0C]
R"bulk Coolant bulk temperature rise ther- 6.Tvisc Viscous heatingcoolant temperature

mal resistance [OC/(W/cm2)] rise [0C]

R"eon Contraction thermal resistance Vf Coolant kinematic viscosity [m2/s]
[OC/(W/cm2)] Pf Coolant density [kglm3 ]

R"eonv Convective thermal resistance
[OC/(W/cm2)]

I
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