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ABSTRACT
Utilizing current Micro Electro Mechanical Systems
(MEMS) technologies, a three-port micro-capillary pumped
loop (micro-CPL) was designed, fabricated and tested to
provide integral cooling to electronics or MEMS type devices.
The two wafer design consists of one silicon and one borofloat
glass wafer. An analytical study was used in determining the
geometry of the device, including the evaporator dimensions
(1000 µm x 2000 µm) and the length of the liquid and vapor
lines (35 mm). Using laser spot heating, the finished device was
run near steady-state. It was determined that the micro-CPL
resulted in a backside cooling effect of at least 7 C when a laser
delivering 7.5 W (+/- 0.2 W) with a spot-size diameter of 1.0
mm was focused on the front side of the evaporator region.
NOMENCLATURE
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= condenser surface area
= cross-sectional area of wick
= specific heat
= diameter

1

= friction factor
= groove height
= condenser convection coef.
= latent heat of vaporization
= wick permeability
= length
= mass flow rate
= groove number
= pressure
= capillary pressure
= liquid pressure losses
= pressure due to temp. difference
= vapor pressure losses
= pressure losses in wick
= power
= capillary radius
= hydraulic radius
= gas constant
= Reynolds number
Copyright © 2000 by ASME

T
v
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wt
α
ε
µ
ρ
σ

= temperature
= velocity
= groove width
= total groove structure width
= groove aspect ratio
= wick porosity
= viscosity
= density
= surface tension

Subscripts
c
= condenser
e
= evaporator
l
= liquid
v
= vapor

INTRODUCTION
In general there are many challenges in transitioning
MEMS technologies to specific applications such as microcoolers. Specific technical challenges to the development of a
micro-cooler include; (a) identification of potential microcooler thermodynamic processes, components, and geometries,
(b) addressing the physics of micro scale heat transfer in solids,
vapor, and liquids specific to micro-cooler geometries, (c)
addressing the physics of phase change phenomena in the micro
scale regime, (d) the development of macro scale to micro scale
scaling laws specific to micro-cooler fluid systems, (e)
addressing system level benefits as well as interfacing between
the micro- to the macro-world, (f) modification of current or the
development of new fabrication processes to allow the microcooler to be charged with the appropriate working fluid during
fabrication, and (g) the development of appropriate calibration
and testing diagnostics to verify micro-cooler performance.
There are numerous potential configurations for
consideration when developing a micro-cooler. A micro-cooler
may make use of micro scale phase change or single phase heat
transfer to reject heat from electronics packages such as
miniature heat pipes (Peterson, et al. 1993) (Hoelke, et al.
1999). Regardless of configuration, an effective micro-cooler
will have to be able to fully control the movement of fluids
throughout the system. The combination of micro scale heat
transfer and fluid dynamics along with high surface to volume
ratios will make the development of an efficient micro-cooler a
challenging endeavor.
The conceptual design and fabrication of a micro-CPL
was first presented by Kirshberg, et al. (1999). It encompasses
the initial design of a completely passive three-port micro-CPL,
schematically shown in Figure 1. It is important to realize that
micro-devices can support extremely high gradients because of

their small size. The evaporator region will be placed in direct
contact with the micro-processor, sensor, or other electronic
chip for which cooling is required and used to maintain an
optimal temperature. The advantages of this approach are threefold, first, precise temperature control at the chip-level, second,
the overall cooling is more efficient because specific heat
sources within the electronics package may be targeted, third,
the overall size of the electronic system can be kept small.
Not only do CPLs offer greater geometric freedom
over traditional heat pipes, but they can carry much greater heat
loads due to the co-current nature of the vapor and liquid flows,
as opposed to the counter-current flows in conventional heat
pipes (Faghri, 1995). Another distinct advantage of the CPL is
the potential to further enhance the device’s performance.
Major components of the system may consist of a new family of
pumps and valves to control liquid or vapor transport within the
micro-CPL as well as innovative micro scale heat acquisition
and heat rejection regions. These regions may incorporate
micro-mixers potentially using enhanced surfaces to promote
heat transfer, condensation, and boiling.
This paper is a continuation of Kirshberg, et al.
demonstrating the first operational micro-CPL of which the
authors are aware.
Initial analyses are supported by
experimental and numerical results.

Figure 1. Schematic of a micro-CPL.

ANALYSIS
Table 1 provides specifications for a micro-CPL with
rectangular liquid/vapor line cross-sectional geometries, in
addition to a planar evaporator and condenser with a grooved
capillary wicking structure. An analysis of the micro-CPL
Capillary Pumping Limit was conducted following the rationale
of Dickey and Peterson (1994) but including the pressure drop
of the vapor line.
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2000 µm
1000 µm
2.0e+06 sq. µm
50 µm
50 µm / 8
150 x 450 µm
150 x 150 µm
35 mm
42
488
4 Watts

Evaporator Length
Evaporator Width
Condenser Area
Groove Height
Groove Width/ Number
Vapor Line Width
Liquid Line Width
Vapor/Liquid Line Length
Liquid Line Re Number
Vapor Line Re Number
Projected Heat Removal
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Table 1. Micro-CPL specifications.
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This relationship was iteratively solved for the micro-CPL
mass flow
Pressure drop across the wick structure,
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Each pressure term in the above relationship represents a
particular geometric portion of the micro-CPL for which the
pressure balance must be maintained for proper CPL operation.
The liquid and vapor lines were treated as rectangular ducts.
The remainder of the pressure terms are assumed to have the
following macro-scale relationships:
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and the friction relationship,
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Pressure drop due to the temperature gradient across the wick
using the Clausius-Clapeyron equation,
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Capillary pressure drop,

∆Pc =

(8)

The macro-scale auxiliary relationships of wick permeability,

while maintaining the following pressure relationship.

∆ Pc + ∆ Pt ≥ ∆ Pw + ∆ Pl + ∆ Pv

2

)

(12)

were also used in this analytical approach.

(5)

Liquid line pressure drop (rectangular duct) (Blevins, 1984),
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RESULTS
Using water as a working fluid, assuming an operating
temperature of 100 C and 3 degrees of sub-cooling with a
condenser heat transfer coefficient of 10 W/m2-C, the maximum
transport length is shown in Figure 2. The results shown in Fig.
2 predict heat transport potential of 1.4e-01 W-m for the 35mm
vapor/liquid lines.
M a x im u m H e a t T r a n s p o r t v s .
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The fabrication of the fluidic channels in the silicon
wafer requires two separate deep reactive ion etches. Initially,
3µm of oxide were thermally deposited onto the wafer. A
photoresist mask was then created on top of the oxide. The
oxide was plasma etched in a Lam etcher in order to create an
oxide mask for the wafer. 10µm of thick photoresist were then
spun on top of the oxide mask, which once exposed, developed
and baked, served as a mask for the through holes. A Surface
Technology Systems deep reactive ion etcher was used to create
the through holes. Once completed, the remaining photoresist
was stripped thus revealing the oxide mask beneath it. The
wafer was then deep trench etched 150µm, thus creating the
fluidic channels. This process is outlined in Figure 4.
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Figure 2. Maximum transport distance for 150x150
micron liquid and 450 x 150 micron vapor lines.
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FABRICATION
Figure 3 illustrates the design of the micro-CPL. The
evaporator, condenser and liquid/vapor lines are fabricated
from a single crystal silicon wafer. The wicking structure
consists of axial grooves wet etched into a standard borofloat
glass wafer, which serves as a cover plate. Glass was chosen
because of its transparent nature, however this wicking structure
will eventually be etched directly into the backside of whatever
electronic package requires cooling. A tube is connected to the
backside of the silicon wafer via a through hole in order to
function as the reservoir feed line. The reservoir is off-chip and
pressurized, therefore controlling the operating temperature of
the device.

Si-Wafer

Si-Wafer
6) Second DRIE to create fluidic channels

3) Plasma Etch to Pattern Oxide Layer

Figure 4. Fabrication process for the silicon wafer
The wicking structure is fabricated in the borofloat
glass cover plate. 1 µm of undoped polysilicon was deposited
on the glass wafer. A photoresist mask was then used when
placing the wafer in CF4 plasma. Once the silicon mask was
complete, and the photoresist stripped, the wafer was placed in
concentrated HF for 6 minutes. This isotropic etch created the
parabolic channels, with radius of 50 µm, which function as the
wicking structure in the micro-CPL. This process is outlined in
Figure 5.
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1) Undoped Polysilicon Deposition (1.0 µ m )

3) Plasma etch of Polysilicon

Photo-resist
Polysilicon
Glass Wafer
2) Photolithography

Glass Wafer
4) W et Etch using Concentrated HF

Figure 5. Fabrication process for the glass wafer
Figure 3. A sketch of the micro-CPL. The fluidic channels
(gray) are fabricated from silicon, while the wicking
structure (white) is etched into a borofloat glass cover
plate.

The two wafers are then cleaned, aligned and
anodically bonded. The reservoir feed line is then attached to
the through hole, which connects the micro-CPL to a
pressurized reservoir. Figure 6 above shows SEMs of the now
completed micro-CPL.
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EXPERIMENT
Initial preparation of the micro-CPL is quite similar to
that of traditional CPLs. It must be pumped-down prior to
filling in order to remove any air that might cause vapor-lock
during operation. A turbo-pump was used in conjunction with

Figure 6. (a) Top view of the condenser, plenum and fillhole regions. (b) Axial grooves wet etched into glass
cover plate. (c) Condenser region after anodic bonding to
glass cover plate.

Figure 7. (a) Evaporator region and (b) Condenser
region of a previously reported (Kirshberg, et al. 1999)
micro-CPL while operating at steady state. (c)
Evaporator of Micro-CPL reported in this paper.
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the extra through-hole in the condenser region towards this end.
The device was then flooded, and the reservoir pressurized to
15 psi above ambient. After filling the device successfully, the
vapor line was cleared with a hand-held micro-torch. Heat is
then applied to the evaporator region. Pictures of micro-CPLs
operating continuously are shown in Figure 7.
In order to gain quantitative insight into the operation
of the micro-CPL, the following experiment was set-up and
performed. A CO2 laser with a spot size diameter of 1.0mm was
used to heat three different wafer configurations. First, a
standard 100 mm diameter borofloat glass wafer with 500 µm
thickness was anodically bonded to a double-polished p-type
silicon wafer with similar dimensions. The laser spot was
focused on the glass wafer at a point 20 mm away from the edge
of the wafer, and 30mm away from the center of the wafer.
Three thermocouples were then placed on the backside of the
silicon wafer. The first thermocouple, referred to as “Center”
was placed directly underneath the laser spot (30 mm away
from the center of the wafer). The remaining thermocouples
were placed at distances of 19 mm and 45 mm away from the
center of the wafers along the same line as the first
thermocouple, and are referred to as “Inboard” and “Outboard”
respectively. It was determined that a laser power of 7.5 W (+/0.2 W) resulted in a “Center” temperature of just above 100C.

Thermocouples
Laser

Computer

Thermocouples

Reservoir

Laser

Computer
Micro-CPL

Two similar tests were then performed on an identical
set of anodically bonded glass and silicon wafers, with the
noted exception that a micro-CPL was now fabricated between
the wafers. The micro-CPL was not insulated and the
condenser exposed to quiescent room air. The evaporator
region of the micro-CPL lies 30 mm from the center of the
wafer, at the “Center” point. When the micro-cooler was filled
with air (no working fluid), a laser power of 7.5 W (+/- 0.2 W)
resulted in a “Center” temperature of 78 C (+/- 1.0 C). Finally,
the micro-CPL was filled with water and pressurized. Due to
the latent heat of vaporization and sensible heating occurring
within the filled micro-CPL, an identical laser power resulted in
a lower “Center” temperature of 71 C (+/- 1.0 C). Figure 8
illustrates these experiments, while Figure 9 shows the resulting
temperature profiles.
Figure 8. (a) A schematic of the blank wafer (b) and the
micro-CPL experiment, as well as (c) a picture of the
experiments utilizing laser spot heating and thermocouples.
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spot size diameter of 3.5 mm. Imposing natural convection
boundary conditions, the simulation was run until steady-state
was reached. The results for the temperature profile of the
center of the wafers are shown below in figure 10.
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Figure 9. Temperature profiles for the (a) blank wafers
(b) micro-CPL filled with air (no working fluid) and (c)
micro-CPL filled with water.

NUMERICAL ANALYSIS
Utilizing CFDRC’s code, a two-dimensional axi-symmetric
finite difference model, similar to that of the blank wafer
experiment, was constructed. The model differed from the
experiment in two ways. First, in the numerical model, the laser
spot was simulated as being placed in the center of the wafers
(rather than 30mm from the center). Secondly, the heat flux
delivered by the laser spot was significantly less in the
numerical model, with a total laser power of only 4.2 W, and a

Figure 10. Temperature profile of a cross-section of
the blank glass (left) and silicon (right) wafers. The
bottom is the center of the wafer (where the heat
source is placed on the glass side). Due to scaling,
the outer sections of the wafers are not shown.
This simulation solution showed a greater than 150 degree
temperature differential along both axis when a 3.5 mm
diameter laser spot of 4.2 W was applied at the glass surface.
This resulted in a large temperature gradient in the glass due to
the poor thermal conductivity of the glass. Heat spreading
increased in a radial direction with an increase in incident laser
power.

CONCLUSION
The micro-CPL provides at least 7 degrees of cooling
to the backside of the device when a 7.5 W (+/- 0.2 W) laser
spot with 1.0 mm diameter is placed on the front side of the
evaporator region. This cooling effect is attributed to the microCPL’s making use of the latent heat of vaporization and
sensible heat of the fluid in the device. Due to the nature of
electronic packages in general, this cooling effect might very
well be used to optimize a device by allowing it to operate at
lower temperatures.
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With these preliminary numbers in hand, it is the
author’s task to optimize the micro-CPL and refine the
experiments. In these experiments the condenser was allowed
to run passively, yet it will enhance the micro-CPL’s
performance to spot cool the condenser (thus forcing
condensation at an exact location while allowing for further
sub-cooling of the liquid upon its return to the evaporator.) A
vacuum chamber is being constructed so that the micro-CPL
might be tested without convective heat losses to the ambient, in
order accurately determine the maximum heat flux capacity of
the device. Finally, due to the large temperature gradients that
the micro-CPL can support, it is necessary to take temperature
measurements inside the device rather than simply measure the
backside. To this end, a thermal imaging system will also be
employed.

Peterson, G.P., Duncan, A.B., and Weichold,
M.H., 1993,
“Experimental Investigation of Micro Heat Pipes Fabricated in
Silicon Wafers,” Journal of Heat Transfer, Vol 115, pp. 751756.
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