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ABSTRACT

Microporous metals are extensively applied in convective
cooling of high heat flux systems such as electronics.
Traditional fabrication approaches, such as sintering of metallic
particles, however, produce materials with limited fluid
transport capability. Here, we demonstrate control and
enhancement of the permeability of porous copper inverse opals
produced via electrodeposition around a sacrificial polymer
template. Sintering of the template is used to control the fluid
transport network microstructure, with permeability increasing
for increasing sintering times. These electrodeposited
structures achieve permeabilities greater than 1x1072 m?
with 5 pm pores, roughly 5 times larger than those of porous
sintered copper with comparable feature sizes. The high
permeability and small feature sizes, with attendant high
specific surface area and strong capillarity, offered by the
sintered template electrodeposited copper are attractive for two
phase cooling applications.

INTRODUCTION

Rising power densities across a number of industries have
led to increasing interest in microporous metals for active and
passive heat exchange technologies [1-3]. Their high surface
area to volume ratio [4], high thermal conductivity [5] and high
density of interconnected fluid-permeable pores [6] can
potentially facilitate superior heat transfer. Porous metals are
broadly used in electronics cooling applications ranging from
heat pipes and vapor chambers to single phase convective
enhancements [7-10]. Thermal and fluidic transport,
characterized respectively by thermal conductivity and
permeability, are key to the implementation of these materials
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in cooling applications.

In this work, we fabricated permeable copper inverse opal
with a template-assisted method, as depicted in Figure 1.
Copper is electrodeposited around a sacrificial template, which
allows precise control of the resulting porous microstructure
following template removal. Polystyrene spheres form the
template considered here. Sintering of the template spheres is
used to control the connecting throat diameter between adjacent
pores. During the sintering process, the polymer spheres, which
have a glass transition temperature of 100°C, are driven by
surface tension to coalesce with adjacent particles and decrease
their surface area, and consequently the volume of included
voids, at elevated temperatures [11,12]. Although sluggish for
large-size particles [13], sintering is reported to be more
effective when polymer particles are as fine as several microns
[11,14], due to larger surface to volume ratios. Sintering at
temperatures above the glass transition temperature of
polystyrene has also been reported to markedly accelerate the
surface diffusion, resulting in dimensional changes [11].

Here we demonstrate the ability to tailor the fluid
permeability of copper inverse opal with modification of the
initial opal template by sintering processes. We characterize
permeability of the resulting CIO structures using a flow
geometry allowing measurements of thin films, which is
particularly applicable to surface enhancement structures for
boiling and evaporation. The effect of sintering time and
temperature on the in-plane permeability is investigated.
Scanning electron microscopy (SEM) of the copper inverse opal
structures are analyzed to understand the dependence of
permeability on sintering process parameters. We consider
opportunities for application of copper inverse opals in



two-phase cooling of electronics.
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Figure 1. Schematic fabrication procedures of CIO with
sintering modification of sacrificial templates. a)
Polystyrene spheres are self-assembled using a drop
casting method, creating point contacts between adjacent
spheres. b) Necks between adjacent spheres are formed
during the sintering process driven by surface tension,
accompanied by template densification. c) Copper is
electrodeposited around polystyrene templates. d) Removal
of sacrificial templates results in permeable copper inverse
opal structures.

SAMPLE PREPARATION

Inverse opal structures have been widely explored for
various applications including photonic crystals [15-17],
chemical sensors [18], solar cells [19,20], and supercapacitors
[21]. The general fabrication procedure of inverse opals
includes assembly of the sacrificial template and deposition of
the interstitial material followed by dissolution the template
leaving the inverse structure [17]. Polymer spheres are
commonly used as sacrificial templates, the size of these
ranging from tens of nanometers to several microns [21,22].
Different self-assembly methods like spin coating [23],
sedimentation [21], drop casting [6,24], or Langmuir Blodgett
[5,25] are selected based on desired periodicity, crystallinity,
and geometry of the final structure. Filling of metals in the
interstitials of templates has been demonstrated via
electrodeposition [26] and chemical vapor deposition [27].

In this work, we prepared substrates for electrodeposition
by sputtering a titanium adhesion layer (10nm) and a gold seed
layer (50nm) on silicon wafers. The wafers were then cut into
2cmx2cm squares for each sample. The Ti/Au seed layers serve
as the cathode for the copper electrodeposition. We synthesized
polystyrene spheres of Sum diameter using a dispersion
polymerization method [28]. The polystyrene spheres are then
self-assembled into random-packed templates on the substrate
surface via a drop casting method [6].

We sintered the packed polystyrene beds at temperatures
of 95°+0.5°C, 103°+0.5°C, and 110°+0.5°C in a conventional
oven over a range of times. The temperature in the oven was
monitored closely by thermocouples over the entire sintering
duration. After the templates were cooled to ambient
temperature, we wicked a small drop of ethanol into the
hydrophobic polystyrene bed before immersing each sample in
an aqueous electrolyte solution (0.6M CuSO4 + SmM H,SOy,).

We utilized a three-electrode PTFE electrolytic cell [5], which
defines a lcmxlcm electrodeposition area in the center of the
substrates  for porous metal growth. Potentiostatic
electrodeposition was performed at a constant overpotential of
278 mV for 2400 seconds, with copper deposition starting from
the Ti/Au seed layer of the substrate surface and continuing to
fill the interstitials of the sintered templates. The above
deposition process yielded copper inverse opal thin films of
thickness 20+1pum, which is desirable for permeability
measurements in this work.

PERMEABILITY CHARACTERIZATION

We designed a system for planar permeability
measurements of thin films. Figure 2 shows a schematic and
photographs of the measurement setup.
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Figure 2. Experimental setup of planar permeability
measurements. A syringe pump was used to drive air flow
through the system. The pressure drop in the sample was
measured with a pressure gauge just upstream of the
sample, so that viscous pressure drop from the pressure
gauge to the sample was negligible. The pressure
downstream of the sample was assumed to be atmospheric.

Manifold

We utilized a syringe pump to impose a fixed flow rate,
and a pressure gauge to measure the resulting pressure
difference between the inlet and outlet of the manifold. The
manifold was manufactured with a 3D printing process,
allowing rapid production of parts with features as fine as 16
pum. The 3D printed manifold consists of three slots
symmetrically separated by 2.15mm, with the center one acting
as inlet for the fluid flow, the other two as outlets. All three
slots have dimensions of 6mmxlmm. A schematic of the
nominal air flow path inside the inverse opal imposed by the
manifold is shown in Figure 2.

The cross-linked acrylic resin used in the 3D printing
process provides a good sealing surface when a pressure of
2.4x10° Pa normal to the measurement surface is applied. In
addition, we maintain the temperature of the sealing surface at



49.5°+0.5°C by heating up the sample with a hot plate to further
diminish leakages.

Figure 3. Edge effect characterization using post arrays
microfabricated in silicon. a) The fluid domain (1cmx1cm)
with edge effects is identical to the case of CIO samples. b)
The fluid domain (6mmx1cm) has minimal edge effects, with
the width of silicon micropost array fabricated to be the
same as the length of inlet and outlet slots (6mm).

Not all flow occurs perpendicular to the inlet axis of the
manifold. As shown in Figure 3a, a portion of the flow escapes
directly from the inlet to the edge of the membrane and
additional flow fringes from the end of the inlet to the outlets.

This reduces the pressure drop associated with a given flow rate.

We account for these effects by characterizing the pressure
drops of two flow geometries, one larger allowing edge effects
(Figure 3a) and one smaller allowing only flow perpendicular to
the inlet axis (Figure 3b), for a lattice of silicon posts [29] at a
given flow rate. The microfabricated posts considered here are
300um in diameter, 30um high, and 22pm apart. The
non-permeable bulk silicon outside the region containing
posts constrains flow to the microfabricated region. Preliminary
results show that edge effects reduce permeability to 60.8% of
its nominal value assuming only flow perpendicular to the inlet,
and this scaling factor is applied to the CIO permeability
calculations reported here.

Permeability is calculated from least square fits to the
variation of pressure drop with inlet flow rate. We measured the
steady pressure drop between the inlet and outlet of the
manifold at a series of flow rates for each sample. According to
Darcy’s law, intrinsic permeability K of a porous medium is
given by

— E(Pout_Pin)
Q = — T (1)

Here Q is the flow rate of air applied to the porous thin film, A
is the cross-sectional area of the flow depending on the
thickness of porous film, u is the viscosity of air at the
corresponding temperature, and L is the distance between inlet
and outlet, over which the pressure drop takes place. A linear
relationship of the pressure drop with respect to flow rate is
shown in Figure 4, which validates our Darcy flow assumption.

RESULTS AND DISCUSSION
We examined the sintering effect on CIO permeability at
temperatures of 95°+0.5°C, 103°+0.5°C, and 110°+0.5°C.
Permeability is plotted as a function of sintering time for these

sintering temperatures in Figure 5. The oven was held at
110°+0.5°C for 60 minutes, with samples removed every 10
minutes. Similarly, sintered samples were removed at intervals
of 30 minutes for 103°+0.5°C, while sintering at 95°+0.5°C
lasted for 12 hours, 18 hours, 24 hours, and 30 hours.
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Figure 4. Pressure drop sustained by CIO samples at
different flow rates. The slope of the linear fit represents
(Pin — Pyu)/Q in the permeability calculations.

Copper inverse opal thin film with no template sintering
gives a permeability value on the order of 10~ *m? attributed
to some random tortuous flow paths within the structure. This
value could potentially be overestimated due to leakage of the
experimental system, which plays a more significant role for
less permeable samples. Sintering of the polystyrene template
proves to be an effective approach to improve the permeability
of the copper inverse opal thin films, with permeability values
increasing up to two orders of magnitude. Sintering above the
glass transition temperature of polystyrene (T,=100°C) is found
to markedly reduce the sintering time from days to minutes,
promoting efficiency for tailoring the permeability. This is
largely attributed to the significant increase of surface diffusion
of polystyrene above T,, which accelerates mass transport and
boosts sphere coalescence.

The unsintered CIO sample in Figure 5(d) shows minimal
interconnects between adjacent pores. During sintering, the
neck diameter grows consistently with time (see Figure 5 insets),
improving flow paths of the inverse opal structures. It should be
noted that aggressive sintering at high temperatures, and/or for
long durations could cause dimensional and compositional
changes of the templates, such as pore shrinkage and gas
evolution [11-12], which could lead to structural discontinuity
of the inverse porous medium. More experiments need to be
performed to determine the optimal sintering parameters.
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Figure 5. Results from permeability measurements as a function of isothermal sintering time for template-sintered CIO,
including Scanning electron microscopy (SEM) images (inset) of samples a) sintered at 110°£0.5°C for 10 minutes, b) sintered
at 110°% 0.5°C for 30 minutes, c) sintered at 110°40.5°C for 50 minutes, and d) unsintered. Uncertainties in permeabilities of
samples sintered at 110°£0.5°C and 103°%0.5°C are estimated based on 90% confidence intervals for the value of (P;, —
P,.:)/Q determined by linear regression (figure 4). Uncertainties based on pressure and flow rate for small permeability

values (<3x10~13m?) are generally less than the symbol size.

Table 1. Characteristics of samples shown in Figure 5

. Sintering Permeability Neck
Figure 5 Condition I (mz) Diameter
dy (pm)
110°+0.5°C _13
(a) 10 minutes 1.56x10 1.8-2.1
110°+0.5°C _13
(b) 30 minutes 4.38x10 2.6-2.9
110°+0.5°C _12
(c) 50 minutes 1.09x10 3.2-3.6
(d Unsintered | 4.01x1071* 0

We compare our results with permeability measurements

and calculations, as shown in Figure 6, for sintered copper,
which is widely used as a porous wick for heat pipes and heat
exchangers. In their recent paper, Dominguez Espinosa et al.
[30] studied the effect of sintering on randomly packed copper

particles, and showed that permeability only varied within a
small range under different sintering conditions. Additionally,
permeability did not show a clear trend with sintering time or
temperature. It was concluded that permeability of sintered
copper depends primarily on particle size, with average
permeability increasing with particle size. Similar particle-size
dependence is also evident in simulations performed for
commercial sintered copper wicks in [31]. Figure 6 shows the
expected (feature size)* dependence of permeability for sintered
copper.

The achievable permeability of template-sintered CIO is
seen to be significantly higher than that of sintered copper for
comparable feature sizes. The surface to volume ratio and
capillary suction of porous media scale inversely with feature
size. The combination of high surface area, capillary suction,
and permeability available with CIO is highly beneficial in
two-phase electronic cooling applications. In contrast to
sintered copper, template-sintered CIO also allows permeability
to be tailored over a large range (e.g. from 4x107*¢to
1x10~'2m? as shown here) without a significant change in pore



size based on template sintering conditions, as seen in Figure 5.
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Figure 6. Permeability comparison between CIO and
sintered copper powder wicks. Both experimentally
measured permeability [30] and simulation results [31] are
included for sintered copper. Feature size for CIO is
denoted by the diameter of the opal template, while feature
size for sintered copper is defined as copper particle size.

CONCLUSIONS

In this work, we demonstrate the ability to tailor the
permeability of copper inverse opal thin films by varying the
sintering process of the sacrificial template. This is an important
step towards understanding the fluid flow within this
microporous structure, and facilitating future design of
one-phase or two-phase microfluidic heat exchangers for
electronic cooling. Further work will be focused on revealing
the relationship between permeability and porosity, which
would provide insight into the convective heat transfer
performance of these structures. This requires the ability to tune
the porosity of microporous media within a reasonable range,
either by modifying the self-assembly method of the template,
or by varying the dimensions of the pores and interconnects.
Further optimization of the template sintering process will also
be explored.
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NOMENCLATURE

0 flow rate (m’)

A cross-section area (m”)

P pressure (Pa)

K permeability (m®)

L distance between inlet and outlet (m)
d, neck diameter (um)

T, glass transition temperature (K)
Greek Symbols

u dynamic viscosity (Pa s)
Subscripts

in inlet of the flow geometry

out outlet of the flow geometry

n neck between adjacent spheres
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