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ABSTRACT 

We demonstrated an enhancement in critical heat flux (CHF) 
of ~160% on the microstructured surfaces. The fabrication process 
used for making the structures is CMOS-compatible and can be 
integrated into semiconductor processing. A simple force-balance-
based model for CHF was developed and shows excellent 
agreement with the experimental observations. Based on the model 
predication, a potential surface design to achieve ultra high CHF is 
further suggested in the paper. This study shows exciting new 
insights into achieving high CHF with microstructures and 
provides design guidelines for new surface technologies with high 
heat removal capability for advanced thermal management. 

 
INTRODUCTION 

Thermal management with two-phase cooling has received 
significant interest for high flux applications including 
concentrated photovoltaics, GaN power amplifiers, and integrated 
circuits [1-4]. The critical heat flux (CHF) represents the 
operational limit in a two-phase (boiling) heat transfer system 
marking the point when a vapor film will begin to cover the heated 
surface, significantly reducing heat transfer efficiency. Therefore, 
methods to extend CHF have been studied extensively owing to its 
significant practical importance in high performance thermal 
management systems [5-7]. Recent efforts have focused on 
pushing the limits of CHF by improving surface wettability using 
decreased feature sizes to nanometer length scales (~100 nm). 
While CHF values of ~200 W/cm2 with water have been reported 
[8-10], these nanostructures were fabricated with materials (e.g., 
ZnO, Cu) or required fabrication processes (e.g., anodic oxidation, 
electroless etching) that are not compatible with CMOS 
processing. In addition, these nanostructured surfaces were not 
optimized due to the limited understanding of the role of 
roughness-augmented wettability on CHF.  

In this work, we demonstrate that with silicon microstructures 
alone (≥ 5 µm) fabricated using standard MEMS processing, 
critical heat fluxes qCHF"  > 200 W/cm2 are achievable. 
Furthermore, an analytical force-balance model was extended to 
explain the CHF enhancement. The excellent agreement found 
between the model and experimental data supports the idea that 
roughness-amplified capillary forces are responsible for CHF 
enhancement on structured surfaces. The work suggests that the 
ultra high heat removal capability (>250 W/cm2) with structured 
surfaces using CMOS-compatible processing is possible. 
 
FABRICATION AND BOILING SETUP 

Microstructured surfaces with various roughness r, defined as 
the ratio of the true area in contact with the liquid to the projected 
area, were fabricated using MEMS processing on silicon (Fig. 1). 
The micropillars were patterned using projection lithography, and 
etched in silicon with deep reactive ion etching (DRIE). The 
micropillars with diameter of 5 - 10 μm, center-to-center spacings 
of 5 -15 μm, and heights of 10 - 20 μm were designed to ensure 
wicking behaviors [11]. Details of the pillar geometries fabricated 
are listed in Table I. A 300 nm thick thermal oxide layer was 
subsequently grown to enhance surface wettability. Finally, the  

 
Figure 1: Scanning electron micrographs (SEMs) of the fabricated 
silicon microstructured surfaces. The pillars have heights of (a) 
10 μm and (b-f) 20 μm; center-to-center spacings of (a, f) 15 μm, 
(b, d) 5 μm, and (c, e) 10 μm; and diameters of (b, c) 5 μm and (a, 
d-f) 10 μm. 
 
etched wafers were diced into samples measuring 2 x 2 cm, which 
is large enough to be considered representative of an infinite plate 
[12, 13] and of comparable size to high heat flux electronic 
components. Smooth oxidized samples were also prepared as 
benchmarks for comparison. 

Fig. 2 shows the pool boiling setup which consists of an 
oxygen-free copper block and a tempered glass chamber fixed at 
both ends by Ultem mounts. Five cartridge heaters were imbedded 
in the copper block allowing for a maximum power of 1400 W 
(350 W/cm2). Five in-line K- type thermocouples (KMQSS-020, 
OMEGA) were inserted into the center axis of the copper block 
with the topmost thermocouple located right beneath the sample to 
accurately determine the heat flux from the linear temperature 
gradient using Fourier’s law. Note that the flux area of the copper 
block matched the structured sample area (2 x 2 cm). A sheathed 
K-type thermocouple (KQSS-18U-12, OMEGA) was positioned 
2 cm above the mounted sample to monitor the pool temperature. 
In the experiments, temperature was recorded with a thermocouple 
logger (18200-75, Cole-Parmer). To minimize losses, the chamber 
was wrapped in guard heaters and a layer of dense fiber glass 
insulation allowing the pool to be maintained at saturation 
temperature during the experiment.     

Before experiments, the samples were bonded to the copper 
block using solder paste (Delta 717D, Qualitek) to ensure good 
attachment with minimal thermal resistance. Note that a 1 μm thick 
copper layer was deposited on the back side of the samples to 
facilitate attachment to the boiling setup. For all tests, degassed, 
high purity water (CHROMASOLV for HPLC, Sigma-Aldrich) 
was used to avoid premature bubble formation and minimize 
surface contamination. 
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Figure. 2: Schematic of the experimental pool boiling setup with 
cartridge heaters in the copper block to heat the sample and in-
line thermocouples to accurately determine the heat flux and 
surface temperature. The microstructured surfaces were bonded to 
the copper block using solder to ensure good attachment with 
minimal thermal resistance. 
 
TABLE I: Geometric parameters of the micropillar arrays.  The 
units of height, diameter and (center-to-center) spacing are in 
microns.  The roughness of contact line, 𝑟, and solid fraction, 𝜑, 
are calculated by: 𝑟 =  1 + 𝜋𝑑 ℎ(𝜋 2⁄ ) (𝑑 + 𝑠)2⁄  and  
𝜑 =  (𝜋𝑑2 4⁄ )/(𝑑 + 𝑠)2, respectively. 
 

Sample 
No. 

Height 
(ℎ) 

Diameter 
(𝑑) 

Spacing
(𝑠) 𝑟 φ 

S1 10 10 15 1.790 0.126 
S2 20 10 15 2.579 0.126 
S3 20 5 10 3.193 0.087 
S4 20 10 10 3.467 0.196 
S5 20 10 5 5.386 0.349 
S6 20 5 5 5.935 0.196 

 
EXPERIMENTAL RESULTS 

The heat flux 𝑞′′ as a function of wall superheat ∆𝑇 = 𝑇𝑤 −
𝑇𝑠𝑎𝑡, where 𝑇𝑤 is the heated surface temperature and 𝑇𝑠𝑎𝑡 is the 
saturation temperature, for the smooth and microstructured SiO2 
surfaces are shown in Fig. 3. The maximum uncertainty of the heat 
flux and temperature measurements was ~5.6% and 1.8 K, 
respectively. Note that in the calculation of the roughness, the 
scalloped features on the sidewall of micropillars were accounted 
for by multiplying the pillar height by a factor of 𝜋 2⁄  [14]. 
Compared with the results on the smooth surface (Sm), the boiling 
curves showed a significant enhancement in CHF on the structured 
surfaces (S1-S6). A CHF of 207.9 ± 9.9 W/cm2, which is 
comparable to the highest CHF value reported in previous studies 
on nanostructured surfaces [8-10, 13], was achieved with a 
∆T = 39.3 ± 1.8 K on S6. The results demonstrate the positive 
correlation between the CHF and surface roughness. In addition, 
the two nearly identical boiling curves for the smooth surface (Sm) 
demonstrate the consistency and accuracy of the measurements. 
 
CHF MODEL 

To understand and predict CHF on structured surfaces where 
the liquid wets the surface completely, a model incorporating 
surface properties (i.e., surface roughness) is required. While a 
detailed understanding of the CHF mechanism is still lacking [15],  

 
Figure 3: Boiling curves on the smooth (r = 1) and micro-
structured (r > 1) surfaces detailed in Table I. The arrows indicate 
the CHF condition. The consistency and accuracy of the 
measurements are demonstrated by the two nearly identical boiling 
curves for the smooth surface. The boiling curves show a clear 
trend of increasing CHF with surface roughness due to roughness-
augmented capillary forces 
 
it is clear that surface wettability is a key factor dictating CHF [12, 
15-20]. Recent works have used the capillary pumping mechanism, 
which assumes that there is insufficient liquid supply to balance 
the rate of evaporation, to predict CHF on structured surfaces [8, 
16]. However, this model over-predicted CHF values for our 
microstructured surfaces (17-120× greater than the experimental 
results), which suggests another mechanism dominates CHF in this 
case. Kandlikar presented a simplified force-based analysis for 
smooth surfaces assuming that there is sufficient liquid supply at 
CHF. Momentum, buoyancy, and surface forces at the liquid/vapor 
interface of an individual bubble were considered [5]. If the 
combination of surface and buoyancy forces compensate the 
momentum force during the growth phase of the bubble, the 
hot/dry area developed at the base of bubble during growth can 
rewet upon departure. Otherwise, the hot/dry area will expand 
irreversibly leading to the CHF condition [15, 20]. However, in 
recent studies the data comparing the predictions of the Kandlikar 
model to the CHF behavior on structured surfaces was typically 
presented as a function of apparent liquid receding angle β, which 
leads to crowding when β → 0 [9, 10]. This result is attributed to 
the fact that the model couples bubble geometry and the surface 
force through the macroscopic contact angle [5]. Thus, on 
superhydrophilic surfaces the model cannot account for a wide 
variety of structured surfaces that display no apparent contact 
angle, i.e., β = 0 [8-10].  

To address this issue, we modified the force-balance-based 
model to predict CHF on superhydrophilic surfaces (β = 0). In this 
regime, the microlayer (which includes the structures) underneath 
the bubble dries out such that a “Wenzel” bubble [21] is formed at 
CHF [15] as shown in Fig. 4. Therefore, the surface force per unit 
length maintaining the position of the contact line (i.e., 𝐹𝑆,2 in 
Fig. 4) is amplified due to a longer effective contact line length, 
which can be estimated, assuming a bubble size larger than the 
underlying roughness length scale, as the unit length multiplied by 
the surface roughness, 

 
𝐹𝑆,2 = 𝜎𝑙𝑣 × 𝑟 cos 𝜃𝑟𝑒𝑐, (1) 
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Figure 4: Schematic diagram of horizontal forces acting on the 
vapor bubble on a structured surface adapted from Kandlikar [5]. 
At CHF, the vapor film forms within microstructures beneath the 
bubble, i.e., “Wenzel” bubble. Here 𝐹𝑀 represents the force due to 
momentum change while 𝐹𝐺  represents the buoyancy force, and 
𝐹𝑆,1 and 𝐹𝑆,2 are surface forces. 𝛽 is the apparent liquid receding 
angle on the structured surface, 𝐻𝑏 is the height of the bubble and 
𝐷𝑏 is the diameter of the bubble 
 
where 𝜎𝑙𝑣 is the liquid-vapor surface tension and 𝜃𝑟𝑒𝑐 is the liquid 
receding angle on the corresponding smooth surface. CHF occurs 
when momentum force  𝐹𝑀 is greater than the sum of surface 
forces 𝐹𝑆,1,  𝐹𝑆,2, and buoyancy force 𝐹𝐺 [5]. Therefore, at CHF, 
the force balance in horizontal direction yields 
 

𝐹𝑀 = 𝐹𝑆,1 + 𝐹𝑆,2 + 𝐹𝐺 . (2) 

Following the set of assumptions introduced by Kandlikar, an 
expression for CHF was obtained in the following form:  
 

𝑞𝑐′′ = 𝐾 × ℎ𝑓𝑔𝜌𝑔
1/2[𝜎𝑙𝑣𝑔(𝜌𝑙 − 𝜌𝑔)]1/4, (3) 

where  

𝐾 = �
1 + cos𝛽

16 � �
2(1 + 𝛼)

𝜋(1 + cos𝛽) +
𝜋
4 (1 + cos𝛽) cos𝜓�

1/2

, 

𝛼 = 𝑟 cos𝜃𝑟𝑒𝑐, ℎ𝑓𝑔 is the latent heat, 𝜌𝑔 is the vapor density, and 
𝜓 is the inclined angle of surface (i.e., 𝜓 = 0 for a horizontal 
upward facing surface). Note that when α < 1, Eq. 3 simplifies to 
Kandlikar’s model. In this form, the surface force is no longer 
coupled with the bubble geometry such that Eq. 3 is well-defined 
in the complete wetting regime where cos𝛽 = 1, but 𝛼 >1. 

To demonstrate the applicability of Eq. 3, the predicted CHF 
as a function of 𝛼 was overlaid with data from our experiments and 
previous studies [8-10] in Fig. 5. Also plotted for comparison is the 
CHF predicted by the classical Kutateladze-Zuber (K-Z) model 
[22, 23] (hydrodynamic instability mechanism) using an empirical 
factor of 𝐾 = 0.18 in Eq. 3 [24]. The 𝑟 values for Chen et al. [8], 
Kim et al. [9] and Ahn et al. [10] were estimated based on the 
reported geometrical parameters and SEMs. These values may be 
inaccurate due to the fact that the surface roughness was, either, 
not explicitly reported or the calculation method was not detailed.  
In addition, contact angles reported in the literature are typically 
equilibrium values (𝜃𝑒𝑞) measured at room temperature 𝑇𝑎 [8-10, 
13]. Since the surface wettability is a key parameter in determining 
CHF, the dependence of contact angle and surface tension on 
temperature should be accounted for [5, 15, 19]. Therefore, to 
compare the data with our CHF model, estimations for contact 
angles at the saturation temperature, Tsat  = 100 ˚C, are necessary. 

Here, we estimated the variation of cos 𝜃 with temperature from 
the Young-Dupré equation [25], 

cos𝜃 (𝑇) = 𝑊𝑙𝑠 𝜎𝑙𝑣⁄ (𝑇) − 1, (4) 

where 𝜎𝑙𝑣(𝑇) is the temperature-dependant liquid-vapor surface 
tension[26] and 𝑊𝑙𝑠, the work of adhesion between the liquid and 
solid, was estimated as  
 

𝑊𝑙𝑠 ≈ 2�𝜎𝑠𝑣𝑑 𝜎𝑙𝑣𝑑 (𝑇) 
(5) 

where 𝜎𝑠𝑣 is the solid-vapor surface tension and the superscript, d, 
represents the dispersive component of surface tension. While 𝜎𝑠𝑣𝑑  
should be only a weak function of temperature, varying by less 
than 1% over the investigated range from ambient to saturated 
temperature, the strong temperature-dependent 𝜎𝑙𝑣𝑑  is determined 
from detailed calculations [27]. 

In Fig. 5, the symbols represent experimental results with 
estimated 𝜃𝑟𝑒𝑐(𝑇𝑠𝑎𝑡) from literature [8-10] and our measurement 
(solid symbols) and results with 𝜃𝑟𝑒𝑐(𝑇𝑎) (hollow symbols) as 
benchmark values. The difference in 𝛼 between data from the 
literature and our estimates demonstrates the potential significance 
of temperature-dependant liquid contact angle on the amplified 
surface force (Eq. 1). The error bars for our data along the 𝛼-axis 
are based on the uncertainty in the contact angle measurement at 
𝑇𝑎, while the error bars on 𝛼 for the literature data are due to fact 
that only 𝜃𝑒𝑞  is reported rather than 𝜃𝑟𝑒𝑐 [8-10]. For these cases, 𝛼 
was estimated using 𝜃𝑒𝑞/2 (i.e., average between 𝜃𝑒𝑞 and 0) where 
the error in 𝜃𝑟𝑒𝑐 ranged from 𝜃𝑒𝑞 to 0. The error bars for CHF from 
Ahn et al. [10] were not reported, and are therefore not shown in 
Fig. 5. Note that the estimated 𝛼 values for the data of Kim et al. 
[9] in the complete wetting regime are shown in the inset of Fig. 5 
because of the very large estimated 𝛼 values (𝛼 ~ 55) due to the 
large reported surface roughness for their nanostructures  

 
Figure 5:  CHF as function of 𝛼 (= 𝑟𝑐𝑜𝑠 𝜃𝑟𝑒𝑐).  The proposed 
model (solid line) is compared to the K-Z model [22, 23] with a 
factor of 𝐾 = 0.18 [24] (dashed line) which has been commonly 
accepted in the past. The symbols show the CHF data from ( ) our 
experiments, ( ) Chen et al. [8], ( ) Kim et al. [9], and ( ) Ahn 
et al. [10] as a function of 𝛼. The hollow symbols show the data 
from literature [8-10] while the solid symbols show the results 
adjusted using our estimation of 𝜃𝑟𝑒𝑐(𝑇𝑠𝑎𝑡). The inset shows data 
from Kim et al. [9] with surface roughness 𝑟~50-55. 
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(r ~ 50) and the approximate nature of our temperature-dependent 
contact angle analysis. The wide error bars shown in the inset are 
due to the estimated error of the receding angle (ranging from 
𝜃𝑒𝑞 to 0) and the large reported roughness. The result highlights the 
importance of properly characterizing the wetting properties. 

While the value of 𝛼 has been approximated and 
simplifications in the extended model exist, the good agreement 
between the data and model, which does not contain any fitting 
parameters, suggests that the key physics of the CHF mechanism 
on these structured surfaces are accounted for. Most importantly, 
the trend of a small increase in CHF with increasing surface 
roughness, relative to the regime where 𝛼 < 1, is well-captured by 
the extended model. In addition, the sudden slope reduction 
predicted by the extended model at 𝛼 = 1 can explain how the K-Z 
model remains well-correlated to CHF behavior on a range of 
typical engineering surfaces studied in the past where 𝛼 < 1.5 (i.e., 
native metal oxide). Our extended model also suggests that the 
CHF of ~250 W/cm2 is realizable when 𝛼 is ~11-12, which can be 
achieved by increasing the height of micropillar to 40-50 μm. 
However, the reduction in slope of our model for 𝛼 > 1 implies that 
a large increase in surface roughness is required to further enhance 
CHF, which offers significant fabrication challenges. One potential 
solution, as demonstrated by Kim et al. [9], is the use of 
hierarchical structures comprised of multiple roughness length 
scales. Following the logic suggested by Eq. 1, the effective 
roughness of a hierarchical surface is estimated as the product of 
the roughness of each length scale (i.e., 𝑟𝑒𝑓𝑓 = ∏ 𝑟𝑁𝑁

1 , where 𝑟𝑁 is 
the roughness of each distinct length scale). 

CONCLUSION 
An enhancement in CHF of ~160% and a CHF of 

~208 W/cm2, which is comparable to the highest CHF value 
reported in previous studies on nanostructured surfaces, was 
demonstrated on the CMOS-compatible microstructured surfaces.  
To explain the experimental observations, we extended an 
analytical force balance model to predict CHF in the complete 
wetting regime. The model shows good agreement with the 
experimental observations which demonstrates the important effect 
of roughness-augmented wettability on CHF. The issues of contact 
angle variation with temperature were also addressed and should 
be considered in future studies given the nature of the CHF 
mechanism presented here. Furthermore, we propose using a 
hierarchical surface to achieve ultra high CHF based on the model 
predication. This study shows new insight of the role of structured 
surfaces in enhancing CHF and suggests opportunities to tailor 
advanced surface technologies using CMOS-compatible processes 
to achieve high heat removal for high-power electronics cooling. 
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