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L. Introduction

Electronic system power dissipation has increased exponentially since 1980, driven
primarily by the increase in transistor switching frequency. While power per gate continues to
fall (0.64-0.15 uW/ MHz from 1995-99) due to voltage reduction, overall power dissipation has
increased in virtually every electronic product due to increasing transistor density and frequency
[13]. For example, Intel microprocessor thermal design power has risen from 40.0 W for the
Pentium II [14] to 75.3 W for the current Pentium 4 [15]. Should this trend continue to rise,
forced air convection will no longer offer adequate electronic thermal management and Moore’s
Law will come to an end. Microfluidic convective heat transfer offers an alternative to the
conventional heat sink air-cooling systems. The superior fluid properties of water compared to
air (approximately 4 and 1,000 times greater specific heat and density, respectively [9]) offer
more efficient cooling within a compact volume. Designs featuring fluidic heat transfer
integrated into the silicon substrate offer high cooling capacity due to the high heat transfer
characteristics of micron-order diameter cooling channels. Significant fabrication challenges are
present with this approach however, including the need for system level and CMOS processing
integration.

We present a CMOS-compatible method of fabricating buried channels within bulk
single-crystal silicon serving as the substrate of CMOS circuitry. The channels were designed to
provide a compact, forced convection heat transfer liquid cooling approach to microprocessor and
integrated circuit thermal management. The baseline fabrication process consumes less than 8 %
of surface area and serves as a foundation for further area reduction, potentially leading to
incorporation of buried-channel cooling with CMOS electronics. A microchannel heat transfer
solution was designed, simulated, processed, and tested with a liquid cooling data acquisition
system. Compatibility with CMOS was characterized by evaluating the post-process transistor

performance of a simple oscillator circuit.



I1. Background

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

D.B. Tuckerman [1] achieved heat removal between 181-790 W/cm’ with high aspect
ratio rectangular channels in 1981. Internal heat transfer enhancement through the reduction of
thermal resistance between fluid and substrate serves as the primary objective of this research. 50
um wide by 300 um deep vertical channels were processed within a silicon die with an
anisotropic KOH (potassium hydroxide) wet etch. The channels were spaced 50 um apart over
the 1 cm’ surface area. The rectangular channel height/width aspect ratio ranged from 5-6 and
offered increased surface area with relatively small hydraulic diameters. A cover plate anodically
bonded to the fin array contained the fluid, with heat provided via thin film WSi, resistors on the
chip surface. Experiments conducted with water at flow rates from 4.7-8.6 mL/min yielded fluid
pressures from 15-31 psig. The major disadvantage to this approach as a microprocessor cooling
solution lies in the wafer bonding, which will add processing steps and decrease yield.

Significant work on the development of optimum heat exchanger design has been
reported. By taking advantage of the high heat transfer coefficients of sub-cooled boiling,
Bergles et al [2] explored the design parameters to achieve optimum heat exchanger design as
well as summarized seminal two-phase heat exchange microchannel research. The authors
present a number of design recommendations for surface heat source, rectangular channel bulk
silicon substrate cooling die formations. These include locating the onset of incipient boiling
(requiring microscopic viewing of exiting fluid), establishing uniform flow distribution through
the channels, including header orifices to reduce the effect of pressure drop due to channel wall
friction, and spacing channel location for uniform substrate heat distribution.

de Boer [3] et al have reported buried channel fabrication using a single mask process

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



(BCT) involves a multi-step process in which access trenches are deep etched into the silicon
substrate. Microchannels are formed by isotropically etching the exposed silicon on the bottom
of the trench with the use of masked sidewalls. Two sidewall-masking methods (thermal SiO,
and LPCVD Si,N,) successfully protected the trench sidewalls from the remaining etching steps.
An anisotropic etch cleared the SiO, and Si N, at the base of the trenches, allowing channel
formation from isotropic silicon etching. A number of sidewall protection geometries are
presented, as well as a method of sealing and releasing the channels (Figure 1). Due to the high
temperature oxide growth, integration of CMOS electronics must be added after the formation of

the channels.
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Fig. 2: Nickel electroplated rectangular

Fig. 1: Buried channels (de Boer et al) cavities (Joo et al)

Joo et al [4] present a single-sided, low temperature, single mask microchannel
fabrication process. Rectangular cavities are formed by spinning a 10-pum layer of photoresist
onto a seed layer of nickel and chromium. After development, nickel-electroplating formed
channel walls in the areas not covered with the photoresist pattern. A subsequent electroplating
step after stripping the photoresist sealed the openings, leaving an enclosed microchannel on top
of the silicon substrate (Figure 2). The ability to grow the channels on top of electronics, with

thermal resistance considerably smaller than bonded heat sinks, present the major advantage of



this approach. The overall dimensions of the formed channels were 10 um in width and 8 um

high, with wall thickness of 10 um.



I11. Fabrication

The primary goal of this research effort lies in the development of a CMQS compatible
microchannel baseline fabrication process with the following features: 1) minimal mask area to
facilitate integration with electronics 2) channels located sufficiently deep into the substrate to
preserve electronics functionality 3) low temperature sidewall passivation (non-SiO, growth).

Because polymers are resistant to etching inXeF,, we set out to create deep channels
using the passivation growth of C4Fg. Anisotropic trenches could be etched using the Bosch
etch/passivation ICP (inductively coupled plasma) process, followed by an extended polymer
deposition. A directional removal of the polymer would expose the bulk silicon at the bottom of
the trench, allowing a spherical, bulbous pattern to be produced at the base using isotropic silicon
XeF, etching. A series of these features patterned optimally close together would produce
connected spherical cavities resulting in a scalloped-wall buried sub-circuit channel. Due to the
size of the “access™ mask area relative to the channel diameter, we could seal the access ports
using an extended polymer deposition. Figure 3 presents a conceptual drawing of the target

microchannel process.
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Figure 3: Buried channel schematic

While the eventual application for the microchannel process lies in integration with CMOS
electronics, silicon wafer samples were used to establish the baseline process without the need for

expensive and long-lead time microelectronics fabrication. A series of 4” masks were created



with various access-hole feature sizes and configurations to determine the final fabrication
baseline process.

We developed an eleven (11) step process to create buried microchannels in bulk silicon.
The procedure is presented schematically in Figure 4, with Appendix A listing the process steps
in greater detail, including plasma pressures and flow rates.

S0, AZ 4620
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1) Spin photoresist onto SiO2 2) Develop chanmel i cess features 3) Dry RIE SiO2 etch to silicon
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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 cm SiO,-coated silicon chips with a
single spin, exposure, and development procedure. AZ 4620 photoresist was selected due to the
relatively thick film (~13 um) required to maintain the mask pattern. This thickness restricted the
minimum feature sizes to just below 10 pm, but these feature sizes were later determined to be
sufficient for channel creation.

A sufficiently stable mask was needed to maintain the structural integrity of the pattern.
The low etch selectivity of photoresist to silicon (50-75/1) led to the exploration of stronger films
capable of withstanding the subsequent processing steps. We attempted to take advantage of the
high aluminunysilicon etch selectivity by patterning a single layer CMOS mask (0.44 pm Al +
1.25 um Si0;). This was eliminated when excessive aluminum-fluoride reaction led to polymer
redeposition and micromasking during standard silicon etching (cross section presented in Figure

5). We selected a 4 um SiO, etch mask due to the successful results achieved with 1.25 um SiO,

samples.
C,F; polymer
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Figure 5: Redeposition, micromasking
from Al mask
Step 3) Dry RIE SiO; etch



A dry SiO; etch was then used to develop the channel mask. Non-uniform SiO, thickness
and over-etching caused the mask features to expand during this step, but recipe optimization
controlled the growth to 1-2 um at most.

Step 4) Anisotropic etch

Next, the access trenches were created using the Bosch DRIE (deep reactive ion etch)
process. The trench depth dictated the maximum channel diameter, due to the isotropic
expansion of the channel. The trenches were etched 110-150 um deep to leave a minimum of 50
um 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 trenches 4-5 um underneath the S0, mask
(cleaved cross section presented in Figure 6). We added this step to protect the upper portion of
the trenches during subsequent processing. The upper sections of the trenches are vulnerable in
the final channel etch (Step 9) due to the weakening of the sidewall protection during passivation
removal (Step 7). We hypothesized that the polymer along the top edges of the trenches
weakened due to the sidewalls lying inline to the path of the plasma ions. The plasma would
remove the polymer at the base of the trench, but weaken the protection along the upper sidewalls
in the process. During the XeF, etch, the weakened polymer mask experienced undesirable
silicon sidewall etching (Figure 7), which diluted the process gases and increased the sacrificial
mask area.

Two methods were tested to alleviate the upper trench degradation. We attempted an
undercut demonstrated by de Boer [3] prior to the DRIE trench etch (Figure 8). After passivation,
the undercut area would thus be protected from the plasma by the mask. We witnessed sidewall
etching results similar to Figure 7. The second method, an isotropic etch between DRIE and
polymer deposition, was the most successful. The undercut mask blocked the subsequent plasma

ions from the upper trench area, protecting the polymer layer.
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Figure 8: de Boer under etch mask etch

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

Next, an 8.5-long minute deposition coated the trenches with a ~0.8-1.0 um of C4Fg
polymer. We then explored four methods to remove the polymer at the base of the trenches. The
first attempt involved an etch cycle of SF and C4F; similar to the Bosch process, with
etch/passivation steps of 20-30 seconds. The second method involved a similar cycle,
substituting O, for SF, [18]. Both procedures failed to build a polymer sidewall mask that would
survive the remaining steps of the recipe. This is most likely due to the isotropic degradation of
the polymer with SF and O,. We thus attempted a similar etch/passivation cycle with Ar and

C,Fs. While the Ar did not react with the polymer, the low power (30 W) plasma produced



scattering of ions, which weakened the polymer buildup along the sidewalls (Figure 9). Stronger
argon plasmas were therefore needed to produce anisotropic ion milling. Due to the control
restrictions our DRIE machine (STS) recipe, high power argon plasma could not be produced
using the etch/passivate cycle method. We found the most successful procedure for this step to
be an extended passivation followed immediately by an extended high power Ar plasma [19].
Increasing the platen power in the STS, which increased the impinging ion energy into the
polymer film, optimized the process. We found additional improvements by lowering the plasma
pressure, which increased the mean free path of the argon ions. A ramping procedure was needed
to build the argon plasma from 30 W platen power, 7 mT pressure at the onset to the optimal 150
W and ~1.5 mT conditions.

The Ar passivation removal step was difficult to control and reproducibility was poor.
This is most likely attributed to polymer deposition rate variations and curing. For an extended
8.5 minute-deposition, measured polymer thickness varied up to 20%. The polymer also cured
under vacuum, causing a range of argon milling times to effectively remove the polymer at the
base of the trench. Due to curing, we were unable to sufficiently clean the chamber before the
remaining STS recipe steps were completed. We observed that polymer removal at the base of
the trenches was best determined by aborting the process at the point where the bias voltage of
the platen would rapidly increase. We successfully estimated this point by recording the bias

voltage of a photoresist film silicon wafer and comparing to the ion milling process conditions.
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Figure 9: Delaminated polymer,
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