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ABSTRACT 

Capillary-fed boiling in microporous copper inverse opals 
(CIOs) is capable of removing an excess of 1 kW/cm! at 10-
15 ºC superheat over small wicking distances ~ 200 µm. In order 
to remove heat from large area chips (>1 cm!), longer capillary 
wicking distance is desired to reduce the manufacturing 
complexity of the 3D manifold for liquid delivery and vapor 
extraction.  In this study, we propose graded copper inverse opals 
(g-CIOs) where smaller pores at the bottom provide high 
capillary pressure for liquid delivery, while larger pores at the 
top reduce viscous pressure drop for vapor extraction. This 
nonhomogeneous wicking material decouples the permeability 
and capillary pressure in the vertical and lateral directions, 
resulting in greater CHFs and capillary wicking distances.  In this 
study, we demonstrate the feasibility of fabricating g-CIOs 
material with up to three different pore diameters (2 µm, 5 µm, 
and 10 µm) using a multi-step template sintering and copper 
electrodeposition process.   We then leverage and expand upon a 
well-calibrated experimental model for the prediction of CHF in 
monoporous CIOs to map the performance metrics for g-CIOs. 
The model combines a hydraulic resistance network with 
Darcy’s law and accounts for the nonhomogeneous 
permeabilities in lateral and vertical directions.   Using this 
model, we study the impact of total wick thickness and graded 
pore-size combinations on the critical heat fluxes and wicking 
distances. Our modeling results conclude that a two-layer 
g-CIOs can potentially reach ~70% enhancement in the critical 
heat flux or ~30% enhancement in the wicking length compared 
to monoporous CIOs of the same thickness. Our fabrication 
capability and preliminary modeling results offer the opportunity 
to design boiling tests with optimized g-CIOs and exploring the 
potential of dissipating high heat flux for large area cooling 
applications. 

NOMENCLATURE 
ℎ"#  latent heat of evaporation 
𝑑  diameter 
𝐾  permeability 
𝐿$%&  critical wicking length 
𝐿'"" effective wicking length 
Δ𝑇 superheat 
Δ𝑃 differential pressure 
𝑞′′ heat flux 
𝑡 thickness 
𝑇( saturation temperature 
α relative permeability 
𝜇 dynamic viscosity 
𝜈 kinematic viscosity 
𝜌 density 
𝜎 surface tension 
𝜃 wetting angle of liquid-solid-vapor interface 

subscripts 
𝑏𝑜𝑖𝑙  boiling limit 
𝑐𝑎𝑝 capillary limit 
𝐶𝐻𝐹 critical heat flux 
𝑙 liquid 
𝑥 lateral direction 
𝑧 vertical direction 

1. INTRODUCTION
The performance and reliability of high-performance/high-

power density microprocessors, in particular for 3D stacking 
architecture, depend largely on efficient heat dissipation while 
maintaining a low junction temperature [1]–[3].  Porous wicking 
material-enabled capillary-fed boiling, which utilizes capillary 
pressure provided by the wick for passive coolant delivery, is a 
promising technology to remove heat fluxes >1 kW/cm! at low 
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superheat levels of ~10 °C [4], [5]. Its pumping-free operation 
and self-regulating features in response to real-time heat flux 
patterns make it especially attractive for power electronics and 
data center computing workloads [6]. An ideal wicking material 
in capillary-fed boiling has high thermal conductivity to 
maintain thermally-accessible phase change surfaces, high 
capillarity to sustain sufficient liquid supply, and high 
permeability to facilitate vapor removal once the phase change 
initiates [7]–[9]. 

Homogeneous porous wicking materials such as copper 
inverse opals (CIOs)[10], [11], copper screen meshes [12]–[14], 
and sintered copper particles [15], [16] have been investigated 
for capillary-fed two-phase heat transfer. Porous wicks with 
larger pore diameters feature higher fluid permeability, which 
favors both liquid replenishing and vapor escape within the wick 
by reducing viscous pressure drops imposed by the porous 
matrix. As a result, they are promising in achieving higher heat 
fluxes [11]. However, increasing the pore diameter 
simultaneously reduces the capillary driving force for liquid flow 
as capillary pressure scales inversely with pore diameter. Hence, 
smaller liquid wicking distances are required to prevent wick 
dry-out at elevated heat fluxes, which hinders the area scalability 
of this material. 

To achieve higher heat flux levels at extended capillary 
wicking lengths, nonhomogeneous metamaterials structures are 
required to deliver liquid to and remove vapor from the porous 
wicking structure. To this end, two-layer sintered copper 
particles [17]–[19], bi-porous sintered copper particles [20], and 
hybrid copper mesh [21] have been fabricated and tested in 
recent studies. These studies showed improved heat dissipation 
capabilities over its monoporous or uniform building block 
materials. 

However, research on nonhomogeneous CIOs for capillary-
fed boiling is still lacking, although CIOs itself showed very low 
thermal resistance and high normalized permeability compared 
with other wick materials [10]. Nonhomogeneous CIOs with 
distinct characteristics in lateral and vertical directions offer 
opportunities to further improve upon the monoporous CIOs by 
decoupling liquid and vapor transport within the wick. 
Moreover, because the CIOs structure is highly periodic its 
permeability is highly tunable via tuning the neck diameters 
𝑑) (Figure 3b)[11]. Nonhomogeneous CIOs is thus a good 
candidate to examine the impact of non-homogeneity of wick 
structure on capillary-fed boiling. 

In this work, we design graded copper inverse opals 
(g-CIOs) with pores of different diameters stacking in layers. 
Small pores at the base layer guarantee a high capillary pumping 
pressure that is essential for increasing liquid wicking length, 
while large pores at the top maintain a low vapor viscous 
pressure drop, which is beneficial for facilitating vapor removal 
out of the wick and preventing wick dry-out. We develop a novel 
multi-step process and demonstrate the fabrication feasibility of 
g-CIOs utilizing low-cost self-assembled polystyrene spheres of 
various diameters as templates. We further model the impact of 
non-homogeneous wick design on capillary-fed boiling by 
analyzing both liquid delivery and vapor transport capabilities 

sustained by the graded wick. With this model, we identify the 
design regimes of g-CIOs to optimize both critical heat flux and 
wicking length, demonstrating the great potential of g-CIOs to 
achieve high heat flux and area-scalable cooling for high-
performance electronics. 

2. MATERIALS FABRICATION
To demonstrate the possibility of fabricating multilayer g-

CIOs structure, we develop a multi-step template sintering and 
copper electrodeposition fabrication process that yields up to 
three layers of different pore diameters. This novel process 
leverages templates made of packed and sintered polystyrene 
spheres of multiple sphere diameters and can be readily applied 
to g-CIOs structures with an arbitrary number of layers. 

Figure 1 Schematic of the microbridge configuration of the CIO 
samples. The microbridge design simplifies the wicking pattern because 
the spreading in the y direction is negligible due to symmetry. Figure 4 
and the inserts in Figure 5 are plotted in the A-A’ section. 

Pham et al. [22] pioneered a layer-by-layer vertical 
evaporation process, where polystyrene spheres of different 
diameters are first self-assembled to form a complete template, 
then sintered and electroplated simultaneously. However, since 
the sintering in their study is carried out after assembling 
polystyrene spheres of all sizes, it would be challenging to 
increase the permeability of the top layer without compromising 
the structural integrity of the base layer. Here, the multi-step 
fabrication process yields a g-CIOs thin film in which each layer 
of certain pore diameter is fabricated via an independent 
template sintering step. It allows for tuning permeability by 
controlling the ideal neck diameter of each layer because the 
sintering conditions (time and temperature) vary for different 
sphere sizes of polystyrene spheres.  

Seed layers are prepared on silicon substrates by 
evaporating 5 nm titanium followed by 50 nm gold patterned by 
polyimide shadow masks (Figure 1). The substrates are 
thoroughly cleaned with 20 min submersion in a piranha solution 
(H2SO4:H2O2 = 3:1 in volume), sonicated in acetone, 
isopropanol, ethanol, and DI water respectively, and dried with 
airflow. A silicone mold is attached as a well to confine the 
polystyrene aqueous solution, which is dispensed on the 
substrate at a concentration ranging from 1% to 4% for different 
sphere diameters (Table 1). Sedimentation is carried out on a 
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50 °C hotplate, where the substrate is tilted 20°. The polystyrene 
spheres self-assemble into close-packed structures as the water 
solvent evaporates.  

The polystyrene template is sintered in a natural convection 
oven at 105 °C to 125 °C for 60 min to 165 min depending on the 
sphere diameters (Table 1). The templates are allowed to cool 
until below 60 °C before removal from the oven to prevent the 
formation of cracks. After prewetting with 20 µL of ethanol, the 
sample is submerged in an aqueous electrolyte (0.6 M CuSO4 + 
5 mM H2SO4). A three-electrode setup with a constant current of 
10 mA/	cm! is used to electroplate copper in the interstices of 
the polystyrene template from the bottom up. By controlling the 
duration of electrodeposition, the thickness of electrodeposited 
metal is controlled such that it did not exceed the thickness of the 
template. The sample is then rinsed with DI water and dried.   

A plastic blade scraper is used to sweep across the sample to 
remove the excess polystyrene template until the top surface of 
electroplated copper is exposed. After rinsing with DI water, the 
sample is ready to grow another layer of inverse opals of a 
different pore diameter via repetition of the above steps, as 
shown in Figure 2. 

Figure 2 Schematics of key steps in multi-step g-CIO fabrication. Grey 
circles represent polystyrene spheres. The orange shade shows the 
electroplated copper. 

After all layers of inverse opals of different pore diameters 
are formed, the sample is rinsed again with DI water and 
submerged in tetrahydrofuran for over 24 hours, allowing all 
polystyrene templates of various sphere diameters to be 
dissolved. The polystyrene spheres of the bottom layers are not 
dissolved until the completion of the final structure to preserve 
the neck-pore geometry of the underlying layers by acting as 
place holders during the electrodeposition of the top layers. 

Table 1 Fabrication parameters for three-layer g-CIOs 
Spheres 
diameter 

(µm) 

Spheres 
concentration 

(%) 

Sintering 
temperature 

(°C) 

Sintering 
duration 

(min) 
2 1 105 85 
5 5 110 60 
10 2 125 165 

Figure 3 (a) Scanning electron micrograph of the cross-sectioning of g-
CIOs with 3 distinct pore diameters of 2 µm, 5 µm, and 10 µm 
respectively. (b) Focused ion beam-milled cross-sectional image of the 
pores and necks in the base layer. 

3. MODELING DEVELOPMENT
The modeling of critical heat flux of graded copper inverse

opals follows the modeling framework developed in a recent 
study of monoporous inverse opals [11]: the critical heat flux is 
dictated by both the capillary limit and the boiling limit. In this 
study, we extend the model to be able to accommodate the non-
homogeneity of g-CIOs by taking into account the difference of 
permeability in in-plane (Kx) and cross-plane (Kz) directions. 
This treatment can be readily extended for g-CIOs with an 
arbitrary number of layers, although the fabrication time would 
scale up linearly as the increase of layers. 

3.1 Cross-plane permeability 
In the cross-plane direction, permeability is modeled as 

layers of different porous materials in series (Figure 3a). Darcy’s 
law applies to each layer as 

𝑄* = −
𝐾&𝐿'""
𝜇+𝑡&

∆𝑃& 
(1)

where Q’ is the flow rate per unit length of the wick 
perpendicular to the plane of the paper, 𝐿'""  is the effective 
wicking length, 𝑡&  is the thickness of the ith layer, ∆𝑃&  is the 
pressure drop across the ith layer, 𝜇+ is vapor dynamic viscosity, 
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and Ki is the permeability of the ith layer, which can be simulated 
in finite elements in a unit cell assuming the pores are packed in 
a face-centered cubic order and a specified neck diameter 
[11][23]. The cross-plane permeability Kz is related to the 
intrinsic permeability of each layer and their thickness by 

C
𝐾,

𝑡- + 𝑡!
E
.-

= C
𝐾-
𝑡-
E
.-

+ C
𝐾!
𝑡!
E
.-

 (2) 

3.2 In-plane permeability 
While in the in-plane direction, permeability is modeled as 

stacking layers of porous materials of different pore diameters in 
parallel (Figure 3b) Darcy’s law applies to each layer as 

𝑄&* = −
𝐾&
𝜇/

𝑡&
𝐿'""

Δ𝑃	 (3)

where 𝜇/ is liquid dynamic viscosity, and Δ𝑃 is the pressure 
drop in the horizontal direction. The in-plane permeability 𝐾0	is 
related to the intrinsic permeability of each layer and their 
thickness by 

𝐾0 =
𝑡-𝐾- + 𝑡!𝐾!
𝑡- + 𝑡!

(4) 

Figure 4 Schematics and hydraulic resistance network of a two-layer 
g-CIOs structure with fluid permeability of (a, b) cross-plane and (c, d) 
in-plane directions. 

3.3 Capillary limit of critical heat flux 
The capillary limit is modeled by equating the liquid viscous 

pressure drop in the lateral direction and the maximum capillary 
pressure generated by the porous media. The capillary pressure 
is modeled by the Young-Laplace equation. Since the capillary 
pressure is inversely proportional to pore diameter, the maximum 
capillary pressure is dominated by the smallest pore diameter. 
The viscous pressure drop is calculated with Darcy’s law, where 
Kx captures the permeability in the lateral direction. The critical 
heat flux at the capillary limit can be derived as 

𝑞$12,456** =
8𝜎/𝛼/𝐾0ℎ"#𝜌/𝑡7871/
𝜇/𝑑2,9&)𝐿'""!

(5)

where 𝜎/  is the surface tension of the liquid, 𝛼/  is the 
relative permeability of the liquid, which accounts for the mixed 
phase in the porous media, ℎ"# is the latent heat of evaporation, 
𝜌/ is the density of the liquid, ttotal is the total thickness of the 
wick, 𝜇/  is the dynamic viscosity of the liquid, dp,min  is the 
minimum pore diameter, and Leff is the effective wicking length. 

3.4 Boiling limit of critical heat flux 
The boiling limit is modeled by equating the viscous 

pressure drop of the vapor exiting the porous wick and the 
pressure elevation due to wick superheat. Vapor pressure 
elevation is evaluated with the Clausius-Clapeyron equation. 
Darcy’s law is used to calculate the vapor viscous pressure drop, 
where cross-plane permeability Kz is used. The critical heat flux 
at the boiling limit is described as 

𝑞:8&/,456** =
𝛼+𝐾,ℎ"#! 𝜌/𝜌+!∆𝑇
𝜇+𝑇((𝜌/ − 𝜌+)𝑡7871/

 (6) 

where 𝛼+ is the relative permeability of the vapor, 𝜌+ is the 
density of the vapor, 𝜇+ is the dynamic viscosity of the vapor, 𝑇( 
is the saturation temperature, and ∆𝑇 is the superheat. 

Equations (5) and (6) indicate that as Leff increases,  𝑞$12,456**  
decreases monotonously (~L2eff), but 𝑞:8&/,456**  stays constant. We 
define a critical wicking length Lcri as the wicking length at 
which 𝑞$12,456**  and 𝑞:8&/,456**  are equal. We see that Lcri is unique 
and can be derived as 

𝐿!"# = #
8𝛼$𝑘%𝑡&'&($) 𝜎𝑐𝑜𝑠𝜃𝜇*𝑇+(&(𝜌$ − 𝜌*)

𝛼*𝑘,ℎ-.𝜌*)𝜇$𝑑/#0∆𝑇
 (7)

Lcri captures the largest wicking length that a given porous 
wick can sustain at its maximum critical heat flux, which is at 
the boiling limit 𝑞:8&/,456** . Since large heat flux and long wicking 
length are the ideal characteristics of wick materials for 
capillary-fed boiling, Lcri and its corresponding 𝑞:8&/,456**  can be 
used as the performance metrics to evaluate both monoporous 
and graded inverse opals. 

4. RESULTS AND DISCUSSION
Based on this model, we are in position to compare CHF and

the wicking length between g-CIOs and monoporous CIOs 
(Figure 5). The structural non-homogeneity in liquid delivery 
(in-plane) and vapor extraction (cross-plane) directions of 
g-CIOs offers 70.5% enhancement in critical heat flux or 30.1% 
enhancement of wicking length compared to the monoporous 
counterparts. 

Figure 5 Critical heat flux versus effective wicking length of g-CIOs 
and monoporous CIOs with pore diameters dp of 5 µm and 10 µm, 
assuming neck-to-pore ratio dn/dp = 0.35, and total thickness 
ttotal = 30 µm. All thermophysical properties of the fluid are evaluated at 
112 °C. The same assumptions are applied in Figure 6 and Figure 7. 
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Graded inverse opals offer additional degrees of freedom in 
the geometric design of the wick, such as the pore diameter and 
thickness of each layer and the neck diameter of the pores. 
Modeling and analyzing these geometric variation effects on 
g-CIOs will be informative to designing boiling tests on the 
optimized g-CIOs.  

To illustrate this, we study the geometric variation of the 
two-layer g-CIOs system where the total thickness ttotal is kept 
constant at 35 µm and the pore diameter of the top layer dp2 is 
fixed at 10 µm, while the bottom layer pore diameter dp1 and the 
bottom layer thickness t1 varies. The pore diameter variation can 
be achieved by changing the template to polystyrene spheres 
with different diameters, and the thickness variations can be 
realized by controlling the duration of electrodeposition. When 
varying the geometry of g-CIOs, we limit the minimum layer 
thickness to be no less than the pore diameter of the layer, 
assuming that the structural integrity of the wick would be 
ensured.  

We see from Figure 6 that increasing dp1 is an effective 
approach to increasing  𝑞:8&/,456**  because the larger pore 
diameter facilitates effective vapor removal and increases the 
boiling limit. However, it also comes with the sacrifice of a 
decreased Lcri because the capillary pressure of the bottom layer 
decreases, which dominates the maximum capillary pressure of 
the wick. Optimum design of the bottom layer would include a 
thin layer with a pore diameter around 5 µm. 

Figure 6 Contours of critical wicking length 𝐿!"#	and maximum critical 
heat flux 𝑞’’1'#$,345 , represented, respectively, in blue and red lines, 
with respect to bottom layer pore diameter 𝑑67	  and bottom layer 
thickness 𝑡7. The green and yellow shaded area represents the feasible 
region of the combination of 𝑑67	 and 𝑡7  that can achieve 
𝑞’’1'#$,345 	> 1000 W/cm), 𝐿!"#	> 350 µm or 250 µm respectively. They 
are estimated by the fabrication feature size limitations of the working 
fluids delivery 3D manifolds made by additive manufacturing (AM) and 
standard silicon (Si) microfabrication, respectively. The modeling 
results assume a  12 °C superheat and the relative permeabilities in 
liquid and vapor to be 0.15 and 0.11[11], respectively.  

Next, we study the impact of the total wick thickness ttotal 
and the neck to pore ratios dn/dp (as illustrated in Figure 3b) of 
both layers which can be realized by altering the template 

sintering conditions (Figure 7). In this case, we maintain a 
constant bottom layer thickness t1 of 5 µm, and a top layer pore 
diameter dp2 of 10 µm, a bottom layer pore diameter dp1 of 5 µm, 
which generates a maximum capillary pressure Δ𝑃$ = 4𝜎cos𝜃/
𝑑2 	= 36.3 kPa assuming water properties at 112 ºC and copper-
water contact angle of 40º. Large neck-to-pore ratios are 
preferred because they increase the intrinsic permeability of each 
IO layer, which helps achieve high critical heat flux 𝑞:8&/,456**  
without reducing critical wicking length 𝐿$%& . After all, the 
capillary limit and the boiling limit increase simultaneously. 
Increasing the total wick thickness ttotal enhances liquid delivery 
but impedes vapor removal and decreases critical heat flux; thus, 
an optimal wick thickness exists to balance both critical heat flux 
and critical wicking length.  

Figure 7 Contour of critical wicking length Lcri and critical heat flux 
𝑞1'#$,34588 ,  represented, respectively, by the blue and red lines, with 
respect to the neck to pore ratio dn/dp for both layers, and total wick 
thickness ttotal. The upper limit of dn/dp is set based on the achievable 
dn/dp due to the structural integrity limits of the material in fabrication. 

5. CONCLUSION
The engineered network of nonhomogeneous pores of

g-CIOs built by the multi-layer electrodeposition process is 
highly tunable for its pore diameters, thicknesses, and neck-to-
pore ratios during fabrication. The g-CIOs wick material is an 
attractive candidate for area-scalable electronics cooling by 
pairing with fluid distribution architectures like micromachined 
or additively manufactured 3D manifolds. Although the multi-
step fabrication of g-CIOs increases the cost of wick material 
fabrication, feature size constraints on the 3D liquid routing 
manifold are alleviated, which allows for higher yields of 
silicon-based manifolds or the incorporation of the low-cost 
additively manufactured manifolds. The modeling of g-CIOs 
developed in this work helps explain the decoupling feature of 
capillary pumping pressure and the permeability for fluid 
transport process and provides engineering guidance for the 
optimum design of g-CIOs. Future work for this study would 
include experimental validation of the modeling assumptions 
and the implementation of g-CIOs in heat transfer applications. 
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