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Abstract 

 

Switchable thermal interfaces allow controlled modulation of thermal conductance and are a key 

enabler of micro-devices and systems that require reconfigurable heat transfer paths.  We report a 

solid-liquid hybrid thermal interface for reliable low-contact pressure (< 1 kPa) switching with 

on-state thermal contact resistance < 15 x10-6 m2K/W.  Reduction in the thermal resistance of 

hybrid interfaces created through electroplating was evaluated using transient pulsed heating 

measurements and thermal time constant characterization.  Compared with pure liquid-mediated 

interfaces and direct solid-solid contacts reported previously, the hybrid interface shows superior 

thermal performance under the same loading pressure while avoiding the use of liquid metals. The 

hybrid interface may be readily used with low-power electrostatic or Lorenz force-based actuators 

as part of integrated thermal micro-devices. 

 

Key words: thermal switch, microscale heat transfer, waste heat harvesting, solid-state 

refrigeration 
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Nomenclature 

 

 

C thermal capacitance of the actuation plate, J/K 

d gap between the substrates, m 

Fs capillary force, N 

R thermal resistance of the hybrid interface, K/W 

t time after the actuation plate makes contact with the hot reservoir, s 

T temperature of the actuation plate, °C 

Ti initial temperature of the actuation plate, °C 

Tr temperature of the hot reservoir, °C 

V liquid volume, m3 

 apparent contact angle, ° 

 thermal time constant, s 
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Introduction 

Switchable thermal interfaces allow controlled modulation of thermal conductance and are a 

key enabler of micro-devices and systems that require reconfigurable heat transfer paths or active 

thermal switching as integral parts of their functionalities.  These include micro-bolometers with 

locally adjustable dynamic ranges, pulsed thermoelectric (TE) refrigeration where transient 

enhanced cooling is achieved by temporarily decoupling the TE elements from their cooling load, 

solid-state electrocaloric refrigeration and pyroelectric waste heat harvesting where a dielectric 

material must undergo thermodynamic cycles, and satellite thermal management [1–6]. 

Our recent studies [7,8] demonstrated liquid-based switchable thermal interfaces that can 

circumvent drawbacks of conventional and nano-engineered direct solid-solid contacts, including 

requirements of very large loading pressure [1] and various failure mechanisms such as fracture, 

cold welding, incomplete contact due to debris, and delamination of interfacial layers [9,10].   

Further reduction in the actuation (switch-on) loading pressure, however, is needed before one 

may incorporate these interfaces into MEMS devices.  Electrostatic or electromagnetic forces very 

often used in micro-devices are relatively weak at length scales of the order of 100 m, which is 

necessary for reliable switching and high on/off ratios. 

We now report an improved switchable thermal interface where an array of micromachined 

metal posts is embedded in a capillary confined liquid droplet to significantly enhance heat 

conduction in the on-state. Figure 1 schematically illustrates the solid-liquid hybrid interface 

design concept.  This hybrid interface design allows us to achieve a low thermal resistance at much 

reduced loading pressure while avoiding the use of liquid metals [2], which either pose health and 

environmental hazard or oxidize rapidly in the ambient air. 
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Sample Preparation 

The hybrid interface was prepared by electroplating Cu through a lithographically defined 

photoresist mold and forming an array of Cu microposts.  Details of our process flows are 

discussed in [11] and will not be repeated here.  Briefly, we first deposited a seed layer (30 nm Ti 

/ 350 nm Cu / 30 nm Ti) on a silicon substrate using e-beam thermal evaporation (CHA Mark 40).   

We note that, although we used silicon substrates pre-coated with such a seed layer in the present 

work, the versatile electroplating approach can be readily adapted to any electrically conducting 

substrates to create the liquid-solid hybrid interfaces.  We spin coated a negative photoresist (PR) 

layers on the substrate and lithographically patterned it to create an array of through-holes as a 

mold.  We next removed the protective Ti layer and the native oxide layer formed on the seed layer 

under the through-holes using a diluted solution of hydrofluoric acid.  The sample was then 

immersed in a commercial Cu electroplating bath and a low initial plating current density (~ 1 

mA/cm2) was applied to facilitate the formation of good electrical and mechanical contacts 

between the electrochemically deposited copper and the seed layer. Once electrodeposition was 

activated in all through-holes, the current density was increased (~ 7 mA/cm2) to achieve higher 

deposition rates.  After the completion of the electrodeposition, the sample was rinsed multiple 

times and the PR layer was stripped to expose the Cu micropost array. 

Figure 2 shows the SEM image of microposts of diameter 100 m, height 65 m, and solid 

fraction (areal fraction of the microposts) 20% after the photoresist layer was removed. The 

microposts were confined within a circular region of diameter 6 mm (Fig. 1c).  A hydrophobic 

Teflon layer was applied outside the region through contact printing.  A droplet of water was next 

deposited on the hydrophilic region (Fig. 1d) to form a liquid-solid hybrid interface.   
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Mechanical Characteristics: Loading Pressure 

One important characteristic of the switchable thermal interfaces is the force-gap relation, in 

particular, the maximum loading force required to balance the capillary forces and achieve the 

on-state where two surfaces defining the interface are pressed against each other until the liquid 

layer thickness and hence the interface thermal resistance reaches the targeted minimum value.  In 

previous studies, we and others predicted such relations for liquid bridges using the virtual work 

model in conjunction with the surface energy minimization algorithm and validated them 

experimentally [7].  

For the present liquid-based switchable interfaces, the in-plane liquid droplet diameter (> 6 

mm) is much larger than the gap (~ 100 m).  The liquid meniscus can therefore be reasonably 

modeled using an arc approximation.  One can then write an approximate analytic expression for 

the capillary force, which is the sum of the contributions from the Laplace pressure and the surface 

tension, as 

𝐹𝑠 ≈ 2𝜎𝜋√
𝑉

𝜋𝑑
sin(𝜃) + 𝜎 (

2 cos (𝜃)

𝑑2
𝑉 − √

𝜋𝑉

𝑑
) 

 

Here,   is the surface tension coefficient of the liquid-air interface, d is the gap between the 

substrates,   is the apparent contact angle, and V  is the liquid volume.  For small gaps, the 

second term representing the Laplace pressure dominates over the first term representing the 

surface tension force.  For a pinned liquid bridge, where the liquid contact area remains constant, 

the liquid volume V varies approximately in proportion to the gap d.  As a result, the capillary force 

scales approximately as Fs ~ V/d2 ~ 1/d.  
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For an interface thickness (or gap) of 75 m, the corresponding loading pressure is only about 1 

kPa for water despite its relatively high surface tension.  We use de-ionized water in the present 

study because it allows the surfaces to be readily cleaned and reused. For practical applications, 

non-volatile liquids, such as ionic liquids with nearly zero vapor pressure, may be more suited to 

minimize or possibly eliminate a need for refilling the interfaces.   

 

Thermal Resistance Characterization 

To experimentally characterize the thermal resistance of our thermal interfaces, we used a 

thin-film serpentine heater lithographically patterned on one side of a silicon substrate.  The other 

side of the substrate was coated with a layer Teflon to render it hydrophobic.   

Figure 3a shows the experimental setup we used for the characterization of the thermal 

resistance of our interfaces.  We applied a current pulse of a precisely defined amplitude to the 

serpentine heater and obtained temporal changes in its temperature by monitoring the 

temperature-dependent electrical resistance using a data acquisition system equipped with a 16-bit 

analog-to-digital converter.  Each temporal temperature profile (Fig. 3b) was then analyzed using 

3D transient finite element simulation to extract the thermal resistance across the interface. 

Figure 4 shows the thermal resistance of the hybrid interface as a function of the interface 

thickness.  The inverse of the slope of a linear fit to the thermal resistance versus thickness data is 

approximately 0.6 W/m K, which agrees with the thermal conductivity of liquid water. This result 

is consistent with the fact that the effective thermal resistance of the Cu micropost array (0.9x10-6 

m2K/W), calculated using the thermal conductivity of an electroplated Cu film, is negligible.  The 

total thermal interface resistance is therefore dominated by that of the thin liquid overlayers 

sandwiched between the top plane of the microposts and the top substrate.  The thermal 
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conductivity of the Cu film (350 W/m K) was obtained from the measured electrical resistivity 

using the Wiedemann-Franz law.  At the same micropost height of 65 m, micropost arrays of 

lower solid fractions, down to approximately 10%, may still provide sufficiently small thermal 

resistance (< 10 percent of the liquid overlayer resistance).  

The measured thermal resistance of the present 75 m-thick hybrid interface is 13x10-6 

m2K/W, which is equivalent to that of a 10 m-thick pure (without microposts) liquid water layer.   

Since the capillary force is approximately inversely proportional to the interface thickness, we 

therefore can achieve as much as 7 fold reduction in the loading pressure necessary to achieve the 

same thermal resistance for this particular sample.   

 

 

Thermal Time Constant Measurements 

To further demonstrate the thermal performance benefit, we measured the thermal time 

constant of a thin plate that was made into a sudden contact with a hot reservoir through three 

different thermal interfaces: a direct solid-solid contact, a liquid thermal interface, and a 

liquid-solid hybrid thermal interface.  The thin plate emulates a ferromagnetic actuation plate in 

previously reported thermomagnetic energy harvesters and thermal switches [12] and a thin-film 

pyroelectric or electrocaloric material for previously reported thermal-to-electric energy 

conversion and refrigeration devices [5,6].   

An aluminum block with an embedded thermistor was used as a hot thermal reservoir.  Its 

temperature was controlled by adjusting power input to a Peltier device attached on the bottom.  

Three silicon substrates, each incorporating one of the three different thermal interfaces, were 

mounted on the aluminum block using thermal grease.   
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We used a thin silicon actuation plate with a built-in thin-film resistance thermometer to 

monitor its temperature as a function of time after contact with the hot thermal reservoir.  The plate 

was attached to a spring frame using epoxy dots of low thermal conductivity.  The spring constant 

of the frame was pre-calibrated by hanging a set of reference weights and monitoring the resulting 

deflections. The spring frame itself was mounted on a motorized translation stage so that we could 

control and monitor the gap spacing/spring deflection using a high-speed digital camera.   

For each experiment reported here, we maintained loading pressure to a target value of 

approximately 0.5 kPa (± 0.1 kPa) to ensure fair comparison among the three thermal interfaces.  

This loading pressure is of the order of the electrostatic pressure expected at a bias voltage of 100 

V across a 100 m-thick water layer. 

Figure 5 shows the normalized temperature rise in the actuation plate as a function of time 

after contact for the three different thermal interfaces.  As expected, the direct solid-solid contact 

requires the longest time for the plate to reach the reservoir temperature and hence has the largest 

thermal resistance.  The solid-liquid hybrid interface outperforms the pure liquid interface even 

though the total interface thickness and hence the loading force remain the same.   

Under the lumped capacitance model, the thermal time constant  can be related to the 

thermal interface resistance: 

𝑇 − 𝑇𝑖

𝑇𝑟 − 𝑇𝑖
= 1 − exp (−

𝑡

𝑅𝐶
) = 1 − exp (−

𝑡

𝜏
) 

 

Here, T is the temperature of the actuation plate, Tr is the temperature of the hot reservoir, Ti is the 

initial temperature of the actuation plate, t is the time after contact with the hot reservoir, C is the 

thermal capacitance of the actuation plate, and R is the thermal interface resistance.   
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The thermal time constants extracted by analyzing the data using the lumped capacitance 

model are 350 ms, 135 ms, and 75 ms for the direct solid-solid contact, the liquid interface, and the 

hybrid interface, respectively.  The latter two values compare reasonably well with the thermal 

time constants (150 ms and 70 ms) calculated using the independently measured thermal interface 

resistance values.  Even for the relatively large gap used here, the hybrid interface offers almost 

5-fold reduction compared with the direct solid-solid contact and almost 2-fold reduction 

compared with the pure liquid interface. 

 

Summary and Conclusion 

In summary, we successfully demonstrated a solid-liquid hybrid thermal interface for reliable 

low-contact pressure (< 1 kPa) switching with on-state thermal contact resistance < 15 x10-6 

m2K/W. Compared with the liquid-mediated interface and the direct solid-solid contact, it shows 

superior thermal performance under the same loading pressure. Such interfaces may be readily 

used with low-power electrostatic or Lorenz force-based actuators as part of integrated thermal 

MEMS devices. 
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Figure Caption  

 

Figure 1: Solid-liquid hybrid interface: (a) off-state; (b) on-state; (c) top view of the mask pattern; 

(d) side view of the droplet after being deposited in the circular hydrophilic region incorporating 

microposts. 

 

Figure 2: SEM of Cu microposts fabricated using the electrodeposition technique. 

 

Figure 3: (a) Experimental setup for the thermal resistance characterization and (b) example 

temperature profiles obtained from measurements and FEM simulations. 

 

Figure 4: Experimentally determined thermal resistance of the hybrid interface as a function of the 

liquid layer and hence the interface thickness. 

 

Figure 5: Normalized temporal temperature profiles of the actuation plate in contact with the hot 

reservoir through the three different interfaces. 
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Figure 1 (color online only) 
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Figure 3 (color online only) 
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Figure 4 (color online only) 
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Figure 5 (color online only) 




