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1 

Abstract 

Thermal Ground Plane for Chip-Level Electronics Cooling 

by 

Hongyun So 

Doctor of Philosophy in Mechanical Engineering 

University of California, Berkeley 

Professor Albert P. Pisano, Chair 

The three-dimensional thermal ground plane was developed in response to the needs of high-

power density electronics applications in which heat must be removed as close to the chip 

surface as possible. The novel design for this planar cooling device was proposed with three key 

innovations in the evaporator, wick, and reservoir layer, which provided enhanced and reliable 

cooling performance without wick dryout and back flows. For the evaporator and reservoir layer, 

a combination of a tapered channel and a triple-spike microstructure was designed to break up 

the pinned meniscus at the end of the vapor and liquid channels. The overall microstructure had 

three spikes where the main liquid meniscus was separated by a middle spike and then continued 

to flow between the tapered walls of the middle and side spikes. For the wick layer, a nanowire-

integrated microporous silicon membrane was developed to overcome dryout by driving the 

coolant out of the channels and spreading the coolant on top of the wick surface with the 

assistance of extended capillary action. This innovative design used nanowires to extend and 

enhance capillary force, especially at the end of the pores where the coolant was pinned and 

unable to overflow out of the pores. The chronic dryout problem in micro cooling devices could 

be solved by these innovative designs.  

 

To analyze the thermal-fluid system, fluid dynamic and phase-change models were used to 

calculate thermodynamic and fluidic properties, such as operating temperature, pressure, vapor-

liquid interface radius of curvature, and rate of bubble formation. The microscale heat 

conduction theory derived from traditional Fourier’s law with classical size effect and effective 

medium theory were used to calculate the thermal conductivities of nanowires and porous silicon 

wick in the cross-plane direction, respectively. The theoretical results of porous silicon showed 

good agreement with the experimental results measured by the 3ω technique, demonstrating the 

reduction of thermal conductivity from bulk silicon. Cooling performance of the developed 

device was demonstrated experimentally with a micro ceramic heater, thermocouple modules, 

and microfabrication techniques, including photoelectrochemical etching to create porous silicon, 

deep reactive-ion etching to form a thin wick membrane, and hydrothermal synthesis to grow 

nanowires on top of the wick membrane. This study shows the feasibility of reliable, continuous, 

and high-performance micro cooling devices using enhanced capillary forces to address the 

increasing requirements of thermal management for chip-level electronics.
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Chapter 1 
 

Introduction 

 

 
1.1 Motivation 
 

Thermal management for electronics is a chronic, essential issue for achieving a high 

performance level of electronic devices by preventing thermal damages including degradation, 

thermal shock, and vibration. In general, poor removal of heat flux causes device failure with 

severe problems, which can affect whole operating systems. Efficient cooling of hot electronic 

devices is one of the key pieces for achieving high performance of devices. During the past 

decade, developments in semiconductor industries have allowed electronics such as sensors and 

actuators to be miniaturized in microscale to increase the yield in a limited space. Consequently, 

thermal management of chip-level electronics is now becoming critical for next-generation 

electronics. To satisfy the increasing market demand for cheaper, smaller, faster, and more 

reliable cooling, new miniaturized active and passive cooling devices are being developed for 

efficient and rapid heat removal away from the heat sources.   

The advent of microelectromechanical systems (MEMS) and nanotechnologies has allowed 

for the development of new microscale cooling devices that are compact and compatible with 

traditional semiconductor devices to efficiently remove high heat flux from heat sources. Among 

various heat removal methods including active, passive, or a combination of both, passive 

cooling is now prevailing in current chip-level applications because it does not require an 

additional power source that might need supporting electric circuit on the platform. The main 

passive cooling systems use the basic heat transfer mechanisms—conduction [1,2], convection 

[3,4], and radiation [5,6]—where the heat transfer rate generally relies on the thermal 

conductivity of substrates, properties of surrounding gases, or emissivity of surfaces. However, 

these systems are not suitable for many chip-level electronic applications because the systems’ 

efficiency significantly depends on the material properties. Therefore, the combination of 

emerging MEMS technology and rapidly increasing demands for thermal management for 

advanced miniaturized electronics has led to the phase-change cooling techniques using superior 

heat absorption properties when the liquid coolants change to vapor [7-9]. 

Miniaturized planar-type cooling devices have recently been proposed to handle higher heat 

flux in a wide range of applications, from ground to space environments [10-13]. In these 

systems, the microchannels have been fabricated by various silicon etching technologies to 

utilize the capillary force of coolants during the device operation. However, unexpected dryout 

problems [14], backward bubble flow [15], and liquid-vapor interface oscillating [16] were 

caused by unstable capillary forces during the phase-change process. Consequently, the 

development of a MEMS-based phase-change micro cooling device, which would be able to 

overcome dryout problems with continuous, reliable, and controllable operation, has remained an 

engineering challenge. 



 

2 

1.1.1 Current Cooling Technologies 

 

Based on the physical mechanism, current cooling technologies can be categorized as active, 

passive, or hybrid systems. The most well-established active cooling device is a fan utilizing the 

forced convection to enhance the air velocity and thus the convective heat transfer coefficient 

and heat transfer rate [17-19]. The fan does not rely on the thermal conductivity of substrate 

materials and has an advantage for large area cooling applications. However, these active cooling 

systems require additional supporting power supply equipment and generate noise during the 

operation. The traditional passive cooling systems are thermal spreaders and heat pins utilized 

widely because of their advantages of zero noise and zero power consumption. These systems 

are based on the thermal conductivity of the solid substrate by contacting the substrate surface 

and heat source surface. To enhance the efficiency of heat removal, a heat pipe using the 

principles of both thermal conductivity and phase transition of a working fluid has been 

developed for many electronic applications [20,21]. A liquid in contact with conductive solid 

surface changes to a vapor by absorbing heat from the hot substrate. While traveling to the heat 

sink where the latent heat is released, the vapor turns into a liquid again and completes a cycle by 

returning the condensed liquid to the hot substrate through the capillary action. Although heat 

pipes require no maintenance because of the absence of mechanical moving parts, non-

condensed gases may diffuse through the pipe walls, which may increase the thermal resistance 

and operating temperature and thus result in the breakdown of circulation of coolant and 

destruction of the device by increased pressure from non-condensed gases [22,23]. In addition, 

heat pipes developed thus far are more suitable in large-scale applications, such as solar power 

plants or building systems, rather than chip-level electronics. To maximize the efficiency of heat 

removal, hybrid cooling systems integrating both active and passive systems have been recently 

developed and are now being used for many applications [24,25].  

 

 

1.1.2 Thermal Management for High-Power Density Electronics  
 

According to Moore’s law, the number of transistors in an integrated circuit (IC) doubles 

approximately every two years, while the size of the individual chip decreases [26,27]. The 

decrease in the size of chips has led to increased heat dissipation per unit area of chip surface, 

while overall performance of ICs has improved, and the cost of individual transistors has been 

reduced [28]. Heat dissipation is considered to be a well-known reason for energy loss and a 

potential issue that may limit the performance of information processing [26,28]. Most MEMS 

actuators, which allow mechanical actuating parts to have a large surface-to-volume ratio, also 

generate tremendous heat flux during the operation using Joule heating through the electrodes. In 

such systems, current chip-level heat fluxes have already reached 10 W/cm
2
 and are expected to 

exceed 200 W/cm
2
 within a decade for many high-power density electronic applications. When 

these high heat fluxes exceed critical heat flux levels, which is the maximum heat flux that can 

be loaded on the chip and represents the operational limit of the device because of significantly 

reduced heat transfer coefficients, the device temperature will be dramatically increased, 

resulting in device failure [29,30]. Therefore, the increasing demand for thermal management of 

high-power density electronic devices, including laptops, mobile phones, light emitting diodes, 

solar cells, and batteries, has led to the development of various innovative cooling technologies 

[31-33].  
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1.2 Dissertation Outline 
 

This dissertation reports the development of a new three-dimensional planar-type cooling 

device. The overall outline for the dissertation is composed of five main chapters: (a) design of 

the device and operating principles, (b) heat transfer and thermodynamic analysis of the device, 

(c) device fabrication, (d) experimental testing of the fabricated device, and (e) conclusion and 

outlook. This dissertation is expected to provide promising and significant groundwork for next-

generation cooling technologies to address the thermal management demands for high-power 

density electronics. The detailed overview of each chapter is as follows. 

In Chapter 2, the novel design for a MEMS-based three-dimensional planar cooling device 

is described with three key innovations in each layer (i.e., evaporator, wick, and reservoir layer). 

To remove heat coming from hot chips through the evaporator layer, continuous feeding of the 

coolant without dryout is most important and key innovation in the overall system. In this 

chapter, the scheme of continuous fluid transport by a hierarchical micro- or nano-structured 

wick layer is proposed to prevent severe dryout problems during operation. This first novel 

structure in the wick layer was designed to maintain the circulation of coolant in the device 

during the steady-state operation. However, when the chip was turned off, droplets suddenly 

condensed due to decreased vapor pressure and temperature became stuck in the middle of the 

microchannels on the evaporator layer, which may cause dryout again, as these droplets did not 

return to the reservoir. Therefore, a second novel structure in the evaporator was designed to 

transport the stuck liquids automatically from microchannels to the reservoir for the preparation 

of the next cycle before the chip is turned on again. The last innovation in the device is directly 

related to the first innovation mentioned above. To induce the boiling of coolant near the 

evaporator site, the wick layer must act as a thermal barrier to prevent the nucleation of coolant 

in the reservoir by providing reasonably high thermal resistance. For this innovation, zinc oxide 

(ZnO) nanowires that have low thermal conductivity were selected and characterized rather than 

the other type of nanowires. The design and fabrication of nanowire-integrated porous silicon 

wick have been disclosed elsewhere [H. So, J. C. Cheng, and A. P. Pisano, “Nanowire-integrated 

microporous silicon membrane for continuous fluid transport in micro cooing device,” Appl. 

Phys. Lett., vol. 103, 163102, 2013 and H. So, J. C. Cheng, and A. P. Pisano, “Multi-scale pore 

membrane for continuous, passive fluid transport in a micro cooling device,” in Tech. Dig. Int. 

Conf. Solid-State Sensors., Actuat. Microsyst., 2013, pp. 2197–2200]. 

Chapter 3 describes microscale heat conduction theory derived from traditional Fourier’s 

law with classical size effect to estimate the thermal conductivity of nanowires and evaporator 

layer in the cross-plane direction. Because the thermal conductivity of the device depends on the 

operating temperature, the temperature dependence on thermal conductivity in each layer is 

discussed with the kinetic theory. The effective medium theory is also discussed to estimate the 

thermal conductivity of porous silicon wick structure in cross-plane direction practically. After 

calculating the thermal conductivities for all components with the kinetic theory and effective 

medium theory, the thermal resistance network analysis is performed to determine the values of 

design parameters. Finally, numerical analysis for two-phase flow during the phase-change is 

discussed with various two-phase models and corresponding thermodynamic cycles to calculate 

the fluidic and thermal properties, such as operating pressure, temperature, interface radius of 

curvature, and rate of bubble formation. 
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In Chapter 4, the detailed overall fabrication process and results are presented for each layer. 

The overall fabrication process for the device includes four main processes: (1) 

photoelectrochemical (PEC) etching to create coherent porous silicon, (2) deep reactive-ion 

etching (DRIE) to form a thin wick membrane, (3) the hydrothermal method to synthesize 

nanomaterials on top of the wick membrane, and (4) surface treatment for changing the device 

surface property from hydrophobic to hydrophilic, which enhances the capillary action in the 

microchannels. The fabrication process is described in detail, layer by layer, using either a top-

down or a bottom-up approach. Scanning electron microscope (SEM) images are shown in this 

chapter to characterize the fabrication results. 

In Chapter 5, experimental results are shown, including the thermal conductivities in the 

cross-plane direction for each layer that were measured by the 3ω technique, wicking 

performance through the fabricated wick structure, and self-transported liquid along the tailored 

microchannel, along with acquired data and captured images. These experimental data are 

compared with the data from the numerical analysis from Chapter 3 to demonstrate the reliability 

of the proposed device. The detailed experimental setups and a sample preparation process are 

also presented, along with necessary images. Finally, the efficiency and heat removal capability 

of the fabricated device are discussed at the end of the chapter, along with the temperature 

change of the chip during cooling performance. 

In Chapter 6, the entire content of the dissertation is summarized, and future works are 

discussed, including hermetic device sealing, the feasibility of the direct integration with ICs, 

and applications in harsh environments. The chapter concludes with a future outlook of the 

proposed device in relation to the field of MEMS-based micro cooling devices.         
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Chapter 2 
 

Design and Operating Principles 

 

 
2.1 Three-Dimensional Stacked Design 
 

The dimensions of micro cooling devices rely on the heat flux handling limit. Figure 2.1 

shows the general limit of handling heat flux with respect to the dimension of MEMS-based 

cooling devices. In general, a one-dimensional design of a device is able to be fabricated easily 

by anisotropic silicon etching using potassium hydroxide (KOH) or tetramethylammonium 

hydroxide (TMAH). After etching, wick materials such as mesh screen, nickel foam, or stainless 

steel fibers can be filled out along the edges of the triangle-shaped passage. After hermetic 

sealing of the evaporator layer, heat dissipation can be removed by phase-change inside the 

device, as shown in Fig. 2.1. Once the liquid receives heat from chips, the liquid in contact with 

the edges turns into a vapor, and this vapor travels to the other side of the device (i.e., condenser) 

across the middle of the chamber. After the vapor is condensed to liquid, liquid droplets return to 

the evaporator section through the wick materials. However, because the traveling vapor is in 

direct contact with turning liquid in the wick material, there is parasitic heat transfer from vapor 

to liquid during the circulation, which may cause oscillating vapor-liquid interface [15]. 

 

  
Figure 2.1 General limit of handling heat flux with respect to the critical dimension of the devices.  
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The two-dimensional design has been recently proposed and widely investigated, both 

theoretically and experimentally [11,34,35]. The critical innovation of these planar cooling 

devices is to use a thermal barrier between vapor and liquid channels to prevent parasitic heat 

transfer to the compensation chamber (see Fig. 2.1). Therefore, the condensed liquid can 

continue to remove heat from the sources within a thermodynamically stable state, which may 

maximize the efficiency of cooling performance. The wick structure—vertically aligned 

rectangular walls with a certain pitch distance—was also integrated using anisotropic silicon 

etching to maintain coolant contact with the evaporator surface. At initial state of the operation, 

the spaces between walls were filled with coolant, and thus there was contact with evaporator 

surface. However, as the liquid changed to vapor on the evaporator surface, a thin vapor film 

began to cover the heated evaporator surface and disturbed continuous feeding of the coolant 

from the wick structure, resulting in dryout problems. Furthermore, the fabrication of a vapor 

channel and a liquid channel on the same plane allowed vapor bubbles to form during boiling 

near the evaporator surface and to flow back to the coolant chamber. Therefore, a new and novel 

design microscale planar cooling device needed to be developed for improvement of cooling 

efficiency with a reliable operation that prevents severe dryout. 

In this study, the three-dimensional Thermal Ground Plane (TGP), which is analogous to an 

electronic ground plane, was developed in response to high-power density electronic applications 

in which heat is removed as close to the chip surface as possible, which provides enhanced and 

reliable cooling performance without dryout and back flows. The TGP includes three main layers: 

evaporator, wick, and reservoir layer, as seen in Figure 2.2. It is noticeable that the wick layer 

also acts as a thermal barrier to separate the liquid channel from the vapor channel. The basic 

cooling mechanism is to use phase-change of coolant, similar to the process used in one- and 

two-dimensional devices. However, in the present study, novel and innovative structures were 

developed to feed the coolant continuously from the reservoir to the evaporator surface and to 

prevent the back flows of both bubbles and condensed liquids (i.e., achievable one-way flow). 

 

 
 

Figure 2.2 Three-dimensional schematic illustration of the three-layer stacked thermal ground plane device for chip-

level electronics cooling. 
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2.1.1 Evaporator: Self-Transport of Condensed Liquid 

 

The evaporator layer that is in direct contact with hot chips on top of the layer is basically 

composed of three sections: an evaporator site, vapor channels, and an intermediate chamber 

connected to the condenser on the reservoir layer, as seen in Figure 2.3(a). The dimension of the 

evaporator site can be scaled up or down in response to the size of the chip. The vapor channels 

play an important role in transporting vapors from the evaporator site to the intermediate 

chamber with minimum pressure loss. A number of channel, length, and cross-section areas of 

the channel depend on the desirable heat flux that can be handled by the TGP device. One of the 

most important roles of this vapor channel is that channels must be able to transport unexpected 

liquid droplets to the reservoir without external forces to prevent dryout. For example, when the 

operation of a chip mounted on the evaporator site is turned off, some portion of vapors that were 

flowing along the vapor channels turn into liquid in the middle of the channel due to the 

suddenly decreased temperature near the evaporator site. In such a case, the condensed liquids 

can be stuck in the middle of the vapor channel and thus affect the next cooling cycle by making 

a dryout in the reservoir. Consequently, a novel design for vapor channels was necessary to 

safely and rapidly transport condensed liquids in the channels to the liquid chamber. For this 

design, three different designs were first considered to use capillary pressure, as seen in Fig. 2.3. 

As the size of the channel becomes microscale, liquids can propel themselves using capillary  

 

 
Figure 2.3 Schematic illustration of the design development process for evaporator channels: (a) straight vapor 

channels for simple design, (b) tapered vapor channels with specific tapered angle to enhance the capillary pressure, 

and (c) tapered vapor channels with crown-shaped triple-spike microstructures at the end of channels to distribute 

the liquid meniscus inducing overflowing of liquid.   
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force, forming a meniscus along the wall with a contact angle. However, because the capillary 

force cannot transport fluid without a sufficient force gradient, even in the microscale channels, 

very few liquids may reach the end of the channels, as seen in Fig. 2.3(a). To enhance capillary 

force in the channel, a tapered channel with a small angle can be used to propel the liquids 

farther [36]. Because the tapered shape makes a difference in curvature of the liquid surface (i.e., 

a narrower region has smaller curvature of the liquid), a liquid droplet flows in the direction of 

lower pressure (i.e., narrower region) due to the differences in the axial pressure resulting from 

different curvatures. Fig. 2.3(b) shows the tapered vapor channel with a tapered angle of 0.286°. 

Due to the gradually narrowed width of the channel, liquid is expected to flow faster and farther 

than in a straight channel and also expected to reach the end of the channel due to enhanced 

capillary pressure. Unfortunately, however, it is also obvious that the liquid meniscus in this 

design cannot be advanced beyond the end of the channel without an external driving pressure 

pushing the liquid into the intermediate chamber [37-40]. This means that the liquid meniscus is 

pinned at the end of the channel and thus unable to flow farther. Therefore, to break up the 

pinned meniscus at the end of the channel, a crown-shaped triple-spike microstructure was 

finally introduced, as seen in Fig. 2.3(c). The overall microstructure has three spikes where the 

main liquid meniscus is separated by a middle spike and then continues to flow between the 

tapered walls of the middle and side spikes. After liquids overflow into the intermediate chamber, 

these liquids fall down to the condenser part of the reservoir layer via a hole in the wick layer 

and then must be transported again through the liquid channels to the reservoir chamber (see Fig. 

2.2). The design of liquid channels is almost equal to that of vapor channels, except for liquid 

flow direction. The detailed strategy will be explained in subsection 2.1.3.            

 

 

2.1.2 Coherent Wick: Continuous Fluid Transport through Micropores 

 

The capillary force also limits the feeding of coolant from the liquid reservoir to the top 

surface of the evaporator layer. Although the condensed liquids can return to the reservoir with 

the assistance of a combination of tapered channels and triple-spike microstructures, liquid 

coolant must be pumped to the evaporator surface again for reliable operation without dryout. 

Therefore, in a three-dimensional TGP device, continuous pumping of coolant from reservoir to 

evaporator site is also significantly important to maintain the device’s operation. One of the key 

components for achieving this continuous liquid pumping is the coherent wick, which consists of 

vertically aligned cylindrical microchannels on the second layer (i.e., coherent wick layer) 

between the evaporator and reservoir layer, as seen in Fig. 2.2. This crucial component needs to 

provide reliable and continuous pumping capability against gravity (even several times that of 

gravity for aviation applications). Figure 2.4 depicts the design of the coherent wick layer for 

sufficient coolant pumping. The area of the wick also depends on the area of evaporator site, as 

mentioned in the previous subsection. If a typical wick structure is used in the TGP, as seen in 

Fig. 2.4(a), the liquid would be sucked into the micropores and then surge up through the 

vertically aligned cylindrical microchannels against gravity because of primary capillary action. 

However, the surged liquid would not be able to advance out of the micropores forming a 

meniscus again at the edge of the pores, which would cause a severe dryout problem in the entire 

TGP device. Therefore, a novel design and innovation for the wick layer is necessary to allow 

the pinned liquid meniscus to overflow out of the microchannels so that coolant is able to remove 

the heat flux by touching the evaporator surface.  
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Figure 2.4 Schematic illustration of the design for coherent wick layer: (a) pinned liquid meniscus at the end of 

vertically aligned microchannels and (b) overflowing liquid by the enhanced and extended capillary force using 

nanowires grown over the top surface of the wick. 

 

 

Figure 2.4(b) shows the proposed nanowire-integrated microporous silicon membrane to 

overcome the dryout problem by driving the liquid out of the channels and spreading it on top of 

the wick surface with the assistance of extended capillary action [41]. The innovation in this 

design is the use of nanomaterials (i.e., nanowires) to extend and enhance the capillary force, 

especially at the end of the pores where the liquid is pinned and not able to overflow out of the 

pores. The nanowires synthesized on top of the wick surface would help break up the pinned 

meniscus, forming tremendous nanochannels with a nano-gap and thus pulling it up between the 

nanowires, as seen in Fig. 2.4(b). In this study, ZnO nanowires were carefully selected and used 

due to their low thermal conductivity related to a role as a thermal barrier and a simple synthesis 

method as opposed to other types of nanowires. The role and impact of ZnO nanowires on the 

thermal properties of the whole TGP system will be discussed in section 2.2. Because the surface 

property of ZnO to water is hydrophobicity, surface treatments with ultraviolet irradiation [42-44] 

or silicon dioxide (SiO2) deposition [45,46] were additionally needed to change the surface 

wettability from hydrophobicity to hydrophilicity. The detailed fabrication process for nanowire-

integrated microporous silicon membranes is described in Chapter 4.    

 

 

2.1.3 Reservoir: Rapid Refilling of Coolant 

 

The reservoir layer in the TGP device includes three main parts: a liquid chamber, liquid 

microchannels, and an intermediate chamber connected to a heat sink. As the vapor channels in 

the evaporator layer, the liquid microchannel in the reservoir layer also plays a pivotal role in  
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Figure 2.5 Schematic illustration of the design for reservoir layer with a combination of tapered microchannels and 

triple-spike microstructures at the end of each channel to rapidly collect the condensed liquids into the reservoir. 

 

 

transporting the condensed coolant from the intermediate chamber to the liquid chamber. 

Therefore, the dryout limitation can be prevented by a rapid refilling of coolant into the reservoir. 

To collect the condensed liquids into the reservoir, the same innovative design used for the 

evaporator layer was adopted to the reservoir layer. Figure 2.5 illustrates the scheme of the 

reservoir layer, which includes tapered channels to transport the coolant from the intermediate 

chamber to the entrance of reservoir and triple-spike microstructures to drive the liquid out of the 

microchannels, spreading liquids across the reservoir by distributing meniscus with the 

assistance of triple-spike microstructures. To complete the operating cycle, the flow direction on 

the reservoir layer is reversed to that of the evaporator layer. The reservoir layer would be etched 

deeper than the other layers are to contain more coolant in the chamber. Because of the gradually 

narrowed width of the tapered channel and tailored microstructures at the end of the channels, 

coolant would move rapidly, refill the chamber, and finally touch the bottom of the coherent 

wick structure for the next cooling cycle. In the present study, a cooling test has been performed 

with three different kinds of polar fluids: deionized (DI) water, methanol, and isopropyl alcohol 

(IPA). As mentioned previously, the surface wettability is an important factor to transport the 

liquids through the microchannels. Even though methanol and IPA, which have relatively low 

surface energy, are completely wetted on the silicon surface of the channels, DI water is 

preferred as a coolant for TGP in this study because of water’s larger latent heat of vaporization 

(2257 kJ/kg at 1 atm) [47]. In addition, the volatility of alcohol-type coolants may accelerate 

coolant loss to the atmosphere when the sealing between the main three layers has a leakage 

problem. Because using a partial wetting fluid (i.e., water) may reduce the propulsion of liquids 

due to the contact angle hysteresis, a few droplets of a wetting agent should be added to the 

coolant if the silicon surface was not handled with surface treatments to enhance the wettability. 
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2.2 Operating Principles for Heat Removal 
 

The principal operating principle of the TGP to remove heat flux is to use the latent heat of 

vaporization of the coolant, similar to conventional heat pipes. One of main advantages of TGP 

is that the device can be directly integrated with ICs because the TGP is essentially fabricated 

from the silicon substrate. For example, the MEMS-based sensors and actuators can be 

fabricated directly onto the evaporator surface of the TGP, resulting in reduced fabrication cost 

and enhanced cooling efficiency due to the direct contacting interface. Figure 2.6 illustrates the 

design of the final device integrated with the chip directly contacting the evaporator surface. To 

integrate many other semiconductor chips with cooling devices, the material of the system must 

be thermally and electrically matched with semiconductor chips. Hence, the developed cooling 

device fabricated with all-silicon substrate is superior to the conventional cooling devices. Fig. 

2.6(a) shows a device off-mode when the chip mounted on the evaporator stops operating or the 

chip temperature does not reach the critical temperature to operate the TGP. At this state, the 

coolant is collected in the reservoir and wets the evaporator surface by enhanced capillary 

actions from nanowires underneath the evaporator. Once the chip starts operation and increases 

the evaporator temperature, liquid in contact with the evaporator surface turns into a vapor by 

absorbing heat incoming from the hot chip, as seen in Fig. 2.6(b). After the vapor travels along 

the vapor microchannels, the vapor changes its phase from vapor to liquid again by transferring 

the heat to the heat sink connected to the end of the reservoir layer. Then, the condensed liquid 

moves back to the chamber through the liquid microchannels on the reservoir layer. This process 

continues during the operating cycles until the chip temperature has cooled down to the desired 

temperature. Thus, the chip can be operated safely without thermal damages such as thermal 

shock, vibration, or degradation.  

 

  
Figure 2.6 Scheme of cross-sectional view of the thermal ground plane with hot chip integrated on the evaporator 

layer for cooling purposes and internal fluid status at (a) device off-mode and (b) device on-mode. 
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2.2.1 Continuous Feeding of Coolant 

 

The principal operating mechanism of the TGP is the phase-change of the coolant, which 

absorbs the tremendous heat flux from hot chips. To provide continuous cycles during the 

operation, vapors and liquids must be circulated smoothly along the microchannels. Therefore, 

the capillary forces on each layer play an important role in keeping operations reliable and 

without dryout limitations. As described in the previous section, each layer forming the entire 

TGP has an innovative design that overcomes the dryout limitation by using enhanced and 

extended capillary pressure. The tailored microstructures and nanomaterials were introduced to 

the evaporator-reservoir layers and the coherent wick layer, respectively. The design of the 

coherent wick layer was based on the device on-mode, whereas the design of the evaporator and 

reservoir layer was developed based on the device off-mode. The mass flow rate across the wick 

structure depends on a variety of parameters of the wick structure. To calculate a mass flow rate 

through the wick theoretically and to demonstrate the enhanced capillary action, a model based 

on hydrodynamic steady-state can be used in the present study. Assuming the flow surging up to 

pore ends by the primary capillary pressure is fully developed laminar steady-state with constant 

properties, the pressure drop across the interface (meniscus) can be given by the Young-Laplace 

equation as follows [48]: 

 

  , ,

2
cosl

capillary sat v sat lP P P
r


                        (2.1) 

 

where ,sat vP  and ,sat lP  are the saturated vapor and liquid pressure, respectively. l  is the 

surface tension of the liquid (i.e., free surface energy per unit area at the liquid-vapor interface), 

r  is the radius of the pore, and   is the contact angle at the liquid-vapor interface. Because the 

vertically aligned cylindrical microchannels in the wick are expected to be filled with liquid to 

maintain the stable interface, the pressure difference across the membrane is accounted for [15]: 
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                   (2.2) 

 

where 1P  and 2P  are the pressure of the bottom surface and upper surface of the wick, 

respectively; wt  is the thickness of wick membrane; q  is the heat transfer rate per cross-

sectional area of the wick; l  is the density of fluid;   is the porosity of the wick structure; 

fgh  is the latent heat of vaporization of the coolant; and l  is the dynamic viscosity of fluid. 

q  is also related to latent heat and mass flow rate: /fgq mh A , where m  is the mass flow rate 

of fluid through the wick. Physically, the first and second terms on the right side of Equation (2.2) 

represent the capillary pressure in the microscale channel and Hagen-Poiseuille pressure loss due 

to friction along the wall of the channel, respectively [48]. From Eq. (2.2), the volumetric flow 

rate across the coherent wick structure can be estimated theoretically. The contact angle can be 

experimentally determined by dropping the coolant onto the wick surface. Figure 2.7 shows the 

pressure drop across the wick layer versus the pore radius for different porosity (Fig. 2.7(a)) and 

thickness of wick membrane (Fig. 2.7(b)). From these preliminary results, pore radius of the  
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Figure 2.7 Pressure drop across the wick in response to the pore radius for (a) different porosity with constant heat 

flux of 40 W/cm
2
 and wick membrane thickness of 200 μm and (b) different wick membrane thickness with constant 

heat flux of 40 W/cm
2
 and porosity of 0.2. 

 

 

coherent wick structure can be determined for fabrication once the desirable pressure drop across 

the wick is calculated from the two-phase analysis. It is noticeable that the effect of porosity and 

wick thickness becomes weaker at the region where the pore radius is larger than 6–7 μm. This 

means that the maximum pressure drop across the wick membrane significantly depends on pore 

radius rather than on the other parameters. The detailed fabrication strategy to adjust both 

porosity and pore size will be discussed in Chapter 4.  

 

 

2.2.2 Thermal Barrier of Coherent Wick 

 

When the chip mounted on the evaporator layer starts operating, waste heat will penetrate 

across the TGP device, initiating cooling of the chip. If the heat passes across the all layers of the 

TGP, the coolant in the reservoir will start boiling, resulting in a dryout limitation, as seen in 

Figure 2.8(a). Therefore, there must be a thermal barrier between the evaporator and reservoir 

layer to minimize the heat transfer rate coming to the reservoir when the device starts cooling. In 

other words, the coherent wick layer must have a low thermal conductivity (i.e., high thermal 

resistance) to initiate the first boiling near the evaporator surface, as seen in Fig. 2.8(b). Because 

the active height from the bottom of evaporator surface to the reservoir surface is less than 1 mm 

and coolant is stationary at the initial state, the heat conduction from the evaporator across the 

reservoir with thermal conductivities of the coolant, nanowires, and porous silicon wick becomes 

a main mechanism in this case. Therefore, the estimation of the nucleation location by the 

thermal network analysis with thermal properties is necessary to analyze the overall thermal-

fluidic system. Assuming the one-dimensional heat conduction and steady-state, thermal 

resistances of each component have a combination of parallel and serial connection from the chip 

to the bottom of the reservoir. To estimate the thermal conductivity of ZnO nanowire and the 

porous silicon wick, microscale heat conduction theory will be discussed in Chapter 3.  
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Figure 2.8 Schematic illustration of the role of the coherent wick layer as a thermal barrier to initiate boiling on the 

evaporator site: (a) dryout limitation when the thermal resistance of the wick is low and (b) desirable operation of 

the device when the thermal resistance of the wick is high enough. 

 

 

2.2.3 Drop Propulsion in Microchannel 

 

As described in section 2.1, the microchannels were designed with decreasing gap thickness 

to transport the coolant by itself to the liquid chamber. In general, the contact angle ( ) is the 

equilibrium angle between the liquid-vapor interface and the wetted solid surface when the fluid 

droplet is placed on a solid surface. For wetting fluids such as silicone oil or methanol, the 

contact angle goes to zero, whereas partial wetting fluids such as water have a finite angle with 

advancing and receding contact angles. An important hysteresis of so-called contact angle 

hysteresis is the difference between advancing and receding contact angles and acts to resist the 

sliding of partial wetting fluids on the surface [49-51]. Due to this hysteresis, although the vapor 

and liquid channels are tapered with decreasing gaps, the droplet of a partial wetting fluid may 

be pinned between two walls, causing the liquid to be stuck in the middle of the channel. 

Consequently, either surface treatments for solids or wetting agents for liquids play an important 

role in changing the wettability between the solid surface and liquid because a wetting fluid 

confined in a tapered channel can be self-transported toward the narrower end with the assistance 

of axial force arising from the different curvature pressures [52].   
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Chapter 3 
 

Heat Transfer Analysis 

 

 
3.1 Microscale Heat Conduction 
 

 

3.1.1 Kinetic Theory of Thermal Transport 

 

By definition, heat transfer is the energy flow involving the motion of heat carriers across a 

boundary under temperature difference. The well-known macroscopic Fourier’s law for heat 

transfer is derived from averaging microscopic motions over a long period in a sufficiently large 

boundary. Fourier’s law is useful for analyzing the average behavior of mass, energy, and 

momentum in macrosystems. However, such classical macroscopic averaging equations may no 

longer represent the motion of heat carriers in microscale or nanoscale domains because the 

conditions for average behavior are no longer valid [53]. Figure 3.1(a) depicts a wavepacket, 

which represents an energy carrier propagating through a system, traveling from left to right in 

the medium with the characteristic length L [54]. The wavepacket can be treated as a particle 

unless the characteristic length is comparable to the wavelength  . However, the wavepacket 

collides with the boundary of the medium, impurities, or another wavepacket in the system with 

L , which is comparable or smaller than the mean free path  , as seen in Fig. 3.1(a) (e.g., 

thickness of a thin film or diameter of a nanowire). In this case, these numerous collisions 

impede the energy flow from left to right, resulting in “classical size effect” [53,54]. Therefore, 

heat conduction at the microscale is quite different from heat conduction at the macroscale, 

where the characteristic length is much larger than the mean free path.  

The major difference between microscale and macroscale is that the effective thermal 

conductivity of microscale material is not equal to that of bulk material, even if they are the same 

material. In most cases, the values of thermal conductivities that can easily be found in textbooks 

or handbooks are valid for only bulk materials. Consequently, a microscopic approach is 

necessary to apply the effective thermal conductivity for microstructures, such as a thin film or 

nanowire. As a first step, the macroscopic Fourier’s law must be modified based on kinetic 

theory to be useful at microscale domains. Considering a one-dimensional domain where the net 

heat flux flows from a hot surface to a cold surface as shown in Fig. 3.1(b), the net heat flux 

transported by heat carriers in x-direction is given by [53]: 
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                         (3.1) 

 

where   is the number of heat carriers per unit volume, E  is the internal energy in J, and xv   
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Figure 3.1 Schematic of (a) classical size effect when the characteristic length ( L ) is smaller than the mean free 

path ( ) and larger than the wavelength (  ) and (b) control volume for a derivation of modified Fourier’s law 

rested on kinetic theory. 

 

 

is the x-component of the heat carriers’ random velocity. By using a Taylor expansion and 

assuming that xv  is in an isotropic system and does not have preferred direction (i.e., 
2 2(1/ 3)xv v ), Equation (3.1) can be expressed as follows: 

 

3
x

v dU dT
q

dT dx
                               (3.2) 

 

where v  is the average velocity of the heat carriers, U  is the internal energy density per unit 

volume in J/m
3
, and /dU dT  is the volumetric heat capacity C  in J/m

3
∙K. Comparing 

Equation (3.2) with the classical Fourier’s law ( ( / )xq k dT dx  ) leads to the thermal 

conductivity equation as follows: 

 

1

3
k Cv  .                              (3.3) 

 

By treating C , v , and   in the above equation as lumped and frequency-independent 

quantities, most physical cases can be analyzed by calculating the thermal conductivity. However, 

because the particular nanostructures and energy carriers depend on frequency (ω) in real nature, 

kinetic theory can be expressed as an integral form to account for the frequency dependence [54]: 
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where  is the reduced Planck constant, ( )D   is the density of state ( ( ) ( ) /D D d d    ),

( , )f T  is the Bose-Einstein distribution, and ( , )eff T  is the effective mean free path 

expressed by 
1 1 1 1( , ) ( , ) ( )eff umkl imp bdyT T           based on the Matthiessen’s rule. 

Each mean free path, due to phonon-phonon Umklapp scattering (denoted umkl ), impurity 

scattering (denoted imp ), and boundary scattering (denoted bdy ), is also expressed with 

frequency ( ), temperature (T ), and diameter of the sample ( D ) [55,56]: 
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where gv  is the group velocity and given by /gv d d  . To account for the frequency 

dependence, the Born-von Karman dispersion relation ( 0 sin( /2 )D    ) can be used, where 

0 2 /s Dv    and 2 1/3(6 )D PUC    for the Debye cutoff wave vector, where sv  is the 

average sound velocity, and PUC  is the number density of a primitive unit cell in m
-3

. The 

coefficients 1A , 1B , and 2B  in Equation (3.5) depend on the material. By integrating Equation 

(3.4) with all parameters described above, more accurate thermal conductivity can be calculated 

for microscale and nanoscale samples.  

 

 

3.1.2 Temperature Dependence of Thermal Conductivity 

 

To validate the kinetic modeling, the silicon, which is well and widely investigated for both 

experimental value and theory, was tested with previously reported experimental data. Table 3.1 

shows the values of physical parameters and fitting parameters determined by matching the 

modeling to experimental data for bulk silicon. Using these parameters, the thermal 

conductivities of silicon for different sample sizes were calculated in response to the temperature 

and compared with the experimentally measured data [57,58], as seen in Figure 3.2. As a result, 

the estimated thermal conductivity of silicon was able to reproduce the experimental results for 

bulk and nanowires in low temperature regions. In the same manner, fitting parameters for ZnO 

samples in Table 3.1 were carefully selected based on the effective sound velocity of ZnO [59] to 

match the calculated results to experimental data for a bulk sample. Figure 3.3(a) shows the 

calculated thermal conductivities of ZnO for bulk and nanowires from a temperature of 10 to 

1000 K. As seen in the figure, the modeling shows good agreement with experimental data 

[60,61] for the bulk sample, and the significant reduction in thermal conductivity appears as the  

 

 
Table 3.1 Parameter values determined by a combination of theory and fitting thermal conductivities with respect to 

temperature for bulk silicon and zinc oxide (ZnO) samples. 
 

 
PUC  

(m
-3

) 

sv  

(m/s) 

1A  

(s
3
) 

1B  

(s/K) 

2B  

(K) 

Silicon 2.5e28 5880 [54] 2.4e-45 1.7e-19 210 

ZnO 2.1e28 3186 [59]  8.0e-44 2.6e-19 100 
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Figure 3.2 Calculated thermal conductivities for silicon from kinetic theory and comparison with experimentally 

measured thermal conductivities for a different diameter of silicon nanowires. 

 

 

 
Figure 3.3 Calculated thermal conductivities of (a) zinc oxide (ZnO) with experimental results for a bulk sample 

and nanowires of different diameters and (b) silicon of the same diameter as ZnO for comparison purpose. The result 

shows that the thermal conductivities of ZnO are lower than those of silicon for all temperature ranges.  

 

 

size of the sample is reduced due to the phonon scattering effects, as expected. To demonstrate 

the lower thermal conductivity of ZnO nanowire used in the present study, it was compared with 

the thermal conductivities of silicon nanowire of the same dimension as the samples have, as 

seen in Fig. 3.3(b). For example, the ZnO nanowire with a 100 nm diameter has a thermal 

conductivity of 12.8 W/m∙K at 100°C, which is an estimated temperature at the evaporator 

surface at initial state, whereas the silicon nanowire has 30.4 W/m∙K at the same temperature. 

Considering the operating temperature (90–200°C) of the TGP, ZnO nanowires have 

approximately a two times lower thermal conductivity than silicon nanowires that may help to 
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analyze the thermal system and provide a critical design parameter to determine the other design 

parameters, such as channel height, width, or volume of the reservoir for the device fabrication. 

To analyze the thermal conductivity of the evaporator layer with respect to the layer 

thickness, Equation (3.3) can be used with the Debye approximation, which can be suitable for 

the thermal conductivity dominated by acoustic phonons [53,54]. Because the heat generation 

passes in a perpendicular direction to an evaporator surface, the thermal conductivity and 

corresponding thermal resistance are the function of evaporator thickness. For simplicity, the 

specific heat and group velocity in the evaporator layer are assumed to be equal to those in bulk. 

According to the Debye approximation, the volumetric heat capacity C  is given by: 
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                           (3.6) 

 

where Bk  is the Boltzmann constant in J/K, D  is the Debye temperature given by 

/D D Bk  , where D s Dv   (Debye frequency). Equation (3.3) needs the effective mean 

free path to calculate the thermal conductivity of the evaporator layer. For heat flow 

perpendicular to a thin film with thickness L , the mean free path due to the boundary scattering 

bdy  is expressed by the Rosseland diffusion approximation [54]: 
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                          (3.7) 

 

where 1  and 2  are the absorptivity of two parallel surfaces (i.e., top and bottom surface of 

the evaporator layer). These absorptivities can be approximated as unity at both sides of the 

evaporator layer. Therefore, the thermal conductivity of the evaporator layer with respect to the 

layer thickness can be obtained by applying the volumetric heat capacity and effective mean free 

path eff  that can be calculated by the Matthiessen’s rule. Corresponding conduction thermal 

resistance R  is calculated as follows: 

 

  
L

R
kA

                                 (3.8) 

 

where A  is the contact area for heat transfer in the TGP. Figure 3.4 shows the calculated 

thermal conductivity, thermal resistance, and effective mean free path with respect to the 

thickness of the evaporator layer. It is noticeable that the thermal conductivity and effective 

mean free path for the thick film region (i.e., bulkL   ) become independent of the thickness 

of the evaporator layer because the diffusion of heat carriers dominates the thermal resistance. In 

this “diffusive” regime, the thermal resistance is proportional to the thickness of the evaporator 

layer. However, thermal conductivity is significantly dominated by the thickness of the 

evaporator layer for thin film region (i.e., bulkL   ), which is also known as the “ballistic”  
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Figure 3.4 Theoretical analysis of the (a) thermal conductivity, (b) thermal resistance, and (c) effective mean free 

path of the evaporator layer at 100°C with respect to the thickness. Active cooling area is 5×5 mm
2
. 

 

 

regime because the effective mean free path is dominated by the phonon scattering as the 

thickness is decreased [54]. Considering the estimated evaporator temperature of 100°C at the 

initial state of operation and a layer thickness of around 500 μm, which is the general thickness 

of a 4-inch silicon wafer where the evaporator will be fabricated, thermal conductivity and 

thermal resistance for a 5×5 mm
2
 heat transfer area are calculated as 115.3 W/m∙K and 0.1739 

K/W, respectively. 
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 To predict the electrical, thermal, and optical properties of porous and inhomogeneous 

media, various theoretical models have been extensively developed [62-65]. For the prediction of 

the thermal conductivity of a coherent porous silicon wick structure, several models have been 

adopted and compared with respect to the porosity of the wick. The most well-known effective 

medium theory is the Maxwell Garnett approximation, which is given by [62]: 
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                            (3.10) 

 

is defined as intrinsic thermal conductivity [64]. In Equation (3.9),   is the porosity, which is 

the volume fraction of pores, and rk  is the relative thermal conductivity expressed by 

/r eff mk k k , where effk  is the effective thermal conductivity of porous media PSik . In 

Equation (3.10), mk  and ik  are the thermal conductivity of the matrix phase (i.e., silicon) and 

of the inclusion phase (i.e., air or coolant), respectively. Thus, the effective thermal conductivity 

effk  is in the range from mk  (when  =0) to ik  (when  =1). While the Maxwell Garnett 

approximation rests on an effective field concept, the self-consistent approximation given by 

Equation (3.11) [63] was based on an effective medium concept considering the inclusion as 

embedded in a homogeneous matrix [66]: 
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                          (3.11) 

 

where (2 3 ) (3 1)m ik k      . It is noticeable that the above approximation has a critical 

porosity of around 0.67 where the thermal conductivity becomes zero, whereas the Maxwell 

Garnett approximation has the finite thermal conductivities from porosity of 1 up to 0. To further 

account for porosity dependence, the second-order approximation also developed as follows [64]: 

 

  21 [ ] [ ] 1rk k k     .                        (3.12) 

 

By treating the pores as non-conductive gases (i.e., ik =0), a modified model with exponential 

form has also developed as follows [65]: 
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where B  is related intrinsic thermal conductivity [ ]k  and may set as 1.5 from Eq. (3.10). 
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Furthermore, if the connection between the matrix phase and the inclusion phase is simply 

approximated as a parallel relationship, simple effective medium theory equation can be 

explicitly expressed as follows: 

 

(1 ) i
r
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k
k

k
    .                          (3.14) 

 

Figure 3.5 shows the comparison of the above five models to estimate the effective thermal 

conductivity of a porous silicon wick structure in response to the porosity. Note that the effective 

thermal conductivity obviously depends on the thermal conductivity of bulk silicon, which also 

depends on the temperature, as already discussed. Without a doubt, direct measurement of 

thermal conductivity of porous silicon wick using the laser-flash [67] or 3-omega techniques [68] 

is the best method to obtain correct values. However, considering the necessary process time, 

cost for experimental setting, and practical purposes, the models based on the effective medium 

theory may provide estimated values with significantly reduced time and cost. For example, if 

the coherent porous silicon wick has a porosity of 0.2 and thickness of 200 μm, the effective 

thermal conductivity of the wick structure becomes 82.66 ± 4.98 W/m∙K at 100°C, because the 

ratio of bulk thermal conductivity (113.7 W/m∙K from kinetic theory) to the porous wick thermal 

conductivity is around 0.69–0.8, as seen in Fig. 3.5. Because the thermal conductivities of all 

components on three layers in TGP were estimated using the kinetic theory and effective 

medium theory, the thermal resistance network analysis can be performed to understand the 

thermal behavior in the TGP and to determine the specific values for design parameters before 

device fabrication. Once the dimensions of the TGP are specified based on the thermal resistance 

network analysis, a two-phase flow analysis can be also conducted to obtain the fluidic and 

thermal properties, such as operating pressure, temperature, vapor-liquid interface radius of 

curvature, and rate of bubble formation. 

 

 

  
Figure 3.5 Comparison of theoretical models to predict the effective thermal conductivity of porous silicon with 

respect to the porosity.  
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3.2 Thermodynamic Analysis of Closed Loop System 
 

 

3.2.1 Thermal Resistance Network of System 

 

The heat analysis of the TGP begins with the junction of the chip mounted on the 

evaporator layer. Once the junction of the chip generates heat, the heat transfers through the chip 

carrier surrounding the chip and the TGP layers. In the system, the operating chip would be 

cooled down by two levels. One is the chip package level, which serves for first-level cooling, 

and the other is the board level as second-level cooling. In essence, the main operating chips are 

packaged by the chip carrier or dual in-line package for the purposes of electric connection 

through the leads and protection of the die from contamination such as dust, vibration, humidity, 

and radiation. Figure 3.6(a) shows the MEMS die mounted on a chip carrier where the lead 

frame is bonded to electrodes with highly conductive bonding wires (typically gold or 

aluminum). As a first transport, the heat generated from the junction spreads throughout the 

silicon chip and is transferred across the chip thickness using conduction, as shown in Fig. 3.6(b). 

It is clear that heat spreads from the junction to the chip body in all directions (i.e., three-

dimensional directions). However, for simplicity, it can be approximated as a one-dimensional 

direction by introducing a constriction thermal resistance to the network analysis [69,70]. For a 

junction with a diameter of d  on the die, the constriction thermal resistance is given by: 

 

1
constrictionR

dk
                           (3.15) 

 

where k  is the thermal conductivity of the chip material. Given the low thermal conductivity of 

the inert air between the case and chip, heat transfer through the plastic case can be negligible. 

Therefore, the thermal resistance network for the chip package level cooling can be simplified, as 

shown in Fig. 3.6(c). When the chip package is integrated on the TGP, heat spreads further into 

the evaporator surface, as depicted in Fig. 3.6(b). Considering a relatively small heat transfer 

area along the in-plane direction due to the several-hundred-micron thickness of each TGP layer, 

the thermal resistance along the in-plane direction would be relatively large so that heat transfer 

can be approximated as one-dimension, although heat spreads in three-dimensional directions. 

Therefore, the thermal resistance network for the combined level cooling before the operation of 

the TGP reaches steady-state can be presented, as shown in Fig. 3.6(c). As seen in the figure, the 

temperature of the evaporator is determined by the first chip package level’s cooling, whereas 

the temperature of the reservoir is affected by internal elements in the TGP, including coolant, 

nanowires, and porous silicon. Because the coolant/nanowires and coolant/porous silicon are 

considered to be parallel connections, the overall thermal resistance of the TGP is given by: 
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        (3.16) 

 

where /i i i iR L k A . Subscripts NWs  and PSi  refer to the nanowires and porous silicon, 

respectively. Note that the liquid is also considered a conductive solid medium having a specific  
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Figure 3.6 (a) Image of the MEMS chip mounted on a chip carrier for first-level cooling, (b) schematic illustration 

of the chip integrated on a thermal ground plane for second-level cooling, and (c) thermal resistance network of the 

combined devices for simultaneous cooling. Scale bar: (a) 5 mm. 

 

 

thermal conductivity because free and forced convection arising from the liquid can be negligible 

due to a small enough micron gap between each layer. Considering the reservoir temperature RT  

must be below the boiling point of the coolant to prevent the initial dryout limitation, the 

maximum temperature of junction to be handled by the TGP can be calculated using Equation 

(3.16) with thermal resistances of each component previously obtained by kinetic theory and 

effective medium theory. Assuming that a MEMS device mounted on the TGP is dissipating 10 

W of power in a chip, which is the general characteristic of microprocessors [71], thermal 

resistance analysis can be performed with corresponding values of thermal conductivities, length, 

and heat transfer area (see Table 3.2 for example). Note that the heat transfer area for ZnO 

nanowires underneath the evaporator layer depends on the number of nanowires contacting the 

bottom surface of the evaporator layer. In Table 3.2,   is the ratio of the contacting area of 

nanowires to the heat transfer area of the evaporator surface. The value of   is approximated 

between 0.01–0.02 because the tip area of the nanowire is extremely small and nanowires would 

be grown in all directions rather than vertical only. The heat transfer area of the porous silicon 

wick is also complementary to porosity   (i.e., 1- ). As mentioned earlier, because the 

temperature of the reservoir bottom must be below boiling point of coolant to overcome the 

initial dryout problem when the chip initiates operation, heat must be removed by increasing the 

depth of the reservoir chamber. As the 4-inch wafer will be used for fabrication of the TGP, the 

maximum depth of the reservoir would be 500 μm. As a result, the maximum temperature of the 

top surface of the evaporator layer is 402.4°C for a 10 W chip where the TGP can initiate the 

steady two-phase flow operation without an initial dryout problem. 
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Table 3.2 Thermal conductivities, lengths, and heat transfer area of each component participating heat conduction 

across the thermal ground plane layers from top of the junction to bottom of the reservoir. 
 

 k  

(W/m∙K) 
L  

(μm) 
A  

(heat transfer area) 

Junction - - d =500 μm  

Silicon chip 115.3 500  5 mm×5 mm 

Bonding paste 25 10 5 mm×5 mm 

Copper lead 401 254 5 mm×5 mm 

Evaporator 115.3 490 5 mm×5 mm 

ZnO nanowires 12.8 10 (5 mm×5 mm)  

Coolant (water) 0.679 - 5 mm×5 mm 

Porous silicon 82.66 200 (5 mm×5 mm)(1- ) 

 

 

3.2.2 Thermodynamic Cycle during Operation 

 

When the TGP starts the cooling performance using two-phase flow, the device reaches the 

steady-state as long as the chip mounted on the evaporator provides the uniform heat flux. The 

steady-state process of the TGP can be described on thermodynamic diagrams, as shown in 

Figure 3.7. The thermodynamic process for each point can be described as follows: 

 

⑧→①: The liquid turns into a vapor as it absorbs the high heat flux from the chip mounted on 

the evaporator layer and becomes a superheated vapor leaving the evaporator site toward the 

condenser. The process may be an isothermal process because the coolant is assumed to remove 

constant heat flux, maintaining a uniform temperature during the phase-change. 

①→②: The superheated vapor moves toward the middle of the vapor channel connected to the 

condenser part. During this movement, the temperature and pressure drop slightly due to the 

convective heat transfer to the atmosphere and the friction loss in the vapor channel, respectively. 

In case of an adiabatic layer, the temperature will not drop because of the isothermal process. 

②→③: During this process, the superheated vapor starts to condense by lowering the pressure, 

which causes the pressure gradient in the vapor channel and provides the driving forces for 

transport to the condenser section. At the condenser, the superheated vapor turns into the 

saturation condition.   

③→④: At the condenser, phase-change occurs from the saturated vapor, and the change will 

continue until it reaches the saturated liquid. The saturated liquid moves along the liquid channel 

on the reservoir layer in the TGP by a combination of inertial force due to the vapor and capillary 

forces that arise from the tapered width of the channel. The process may occur in isobaric and 

isothermal conditions because the overall distance for the process is relatively shorter than other 

processes, resulting in unnoticeable gradient in temperature and pressure across the condenser.  
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Figure 3.7 T (temperature)-s (specific entropy) and P (pressure)-v (specific volume) thermodynamic diagram during 

the operation in the thermal ground plane with a schematic illustration for each state point in the device.  

 

 

④→⑤: The saturated liquid will further lose the latent heat and become a sub-cooled liquid near 

the middle of the liquid channel. The pressure also drops due to frictional loss in the liquid 

channel.  

⑤→⑥: As the sub-cooled liquid approaches the reservoir chamber due to the lower pressure in 

the reservoir, the temperature of the liquid will increase because it is near the active heat removal 

site where the high heat flux enters the evaporator.  

⑥→⑦: The sub-cooled liquid continues to move into the reservoir chamber due to minimum 

pressure value at point 7, resulting in high pressure of vapor-liquid interface across the wick 

structure. The liquid then has the saturation condition to prepare the phase-change underneath the 

evaporator surface. 

⑦→⑧: The saturated liquid underneath the wick structure will surge up along the saturated 

liquid line and spread across the entire wick surface due to the enhanced capillary effect by the 

nanowires on the wick structure. Then, the saturated liquid will touch the evaporator surface and 

remove the heat flux by changing the phase from liquid to vapor and continue the cycle.  
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3.3 Liquid-Vapor Phase Change 
 

 

3.3.1 Analysis for Fluidic and Thermal Properties 

 

To estimate the fluidic and thermal properties in the designed TGP, heat transfer and fluid 

dynamic models can be used with the TGP geometry, as seen in Figure 3.8 regarding wick 

characteristics and working fluid properties. If the vapor flow is considered to be a fully 

developed laminar flow in channels, the pressure drop along the vapor channel is given by the 

Darcy-Weisbach equation [48,72]: 
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and   depends on the aspect ratio of width and height of a rectangular cross section, effL  is 

the effective length, and   is the number of channels. The pressure drop across the condenser is 

 

  4 3 lP P gh                              (3.18) 

 

where g  is the gravity and h  is the height difference between the upper and lower surface of 

the condenser part. Because h  is in micron scale, the pressure gradient between points 3 and 4 

can be ignored, resulting in 4 3P P . The flow in the liquid channel is assumed to obey Darcy’s 

law and is defined as follows: 
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where 

 

l l lA H W  

 

and m  is the mass flow rate of coolant across the wick and   is the a permeability given by 
2 /12vH   for the channel with a rectangular cross section [73]. In the evaporator and reservoir, 

the Young-Laplace equation from Eq. (2.2) can be used again: 
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Figure 3.8 Schematic illustration of the overall thermal ground plane device with geometry and noticeable points for 

the thermal system analysis.  

 

 

The heat flux across the evaporator surface and condenser surface can be expressed as follows: 
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                (3.21) 

 

where ,w eT  and ,w cT are the wall temperature of the evaporator and condenser surface, 

respectively. , 1( )sat e satT T P , , 3( )sat c satT T P , eA  is the heat transfer area of the evaporator 

site, cA  is the heat transfer area of the condenser section, and ,sat eT  is calculated by iteratively 

solving the following equation [74]: 
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Combining Equations (3.17)–(3.20) provides the final relation for the system: 

 

2

2 3

122 8 1 64
cos

Re 2

eff l effl v v
l w

l fg v v l l l

L L mVq
t

r h Dr H W

 
 

    

    
           

.       (3.23) 

 

Once r  and 3 ,( )sat sat cP P T  are determined by Equation (3.23) and (3.21), respectively, 

1 ,( )sat sat eP P T  can be calculated by Eq. (3.17). Inserting these results to Equation (3.22) and 

iterating until the difference between 1P  obtained by Eq. (3.17) and (3.22) has a minimum value, 

give the final value of ,w eT  from Eq. (3.21). The specific dimensions used for the above 

calculations are listed in Table. 3.3. Note that the primary purpose of thermal and fluidic analysis 

with these dimensions is to demonstrate the reliable operation of the TGP when the real device is 
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Table 3.3 Dimensions of the thermal ground plane device used for thermal and fluidic analysis. 
 

Parameters Value Unit 

Effective length, effL  48 mm 

Height of vapor channel, vH  250 μm 

Width of vapor channel, vW  500 μm 

Height of liquid channel, lH  250 μm 

Width of liquid channel, lW  500 μm 

Area of evaporator, eA  5×5 mm
2 

Area of condenser, cA  5×6.8 mm
2 

Thickness of evaporator, et  490 μm 

Thickness of condenser, ct  250 μm 

Thickness of coherent wick, wt  200 μm 

Correction factor for noncircular duct,   1.03 - 

Number of channel,   8 - 

Wick porosity,   0.2 - 

 

 

 
Table 3.4 Calculated thermal and fluidic properties in the thermal ground plane based on the designed specifications. 

 

Results Value Unit 

Wall temperature of evaporator, ,w eT  167.06 °C 

Saturation temperature of evaporator, ,sat eT  165.36 °C 

Saturation temperature of condenser, ,sat cT  24.36 °C 

Exit pressure of evaporator, 1P  704.76 kPa 

Pressure at condenser, 3P  704.63 kPa 

Pressure at reservoir, 7P  672.08 kPa
 

Interface radius of curvature at wick, r  2.79 μm 

Mass flow rate across wick, m  4.84e-6 kg/s 
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fabricated with the same specification. Thus, it will provide the robust design tool if the 

specifications need to be modified based on the electronic platform for chip packaging. Table 3.4 

shows the estimated thermal and fluidic properties during the cooling performance in the TGP 

when the power of 10 W is directly dissipating on the evaporator surface. As a result, because 

the wall temperature at the evaporator is slightly higher than is the saturation temperature 

(165.36°C) at the exit pressure (704.76 kPa), the vapor would become a superheated vapor 

before moving toward the vapor channel. This explanation is reasonably matched with the 

thermodynamic diagram in Fig. 3.7. It is also noticeable that at least 2.79 μm radius of pores or 

less is essential to maintain the pressure gradient across the coherent wick structure, which will 

be adopted as a maximum pore size for the fabrication of the coherent porous silicon wick later.  

 

 

3.3.2 Two-Phase Nucleation Analysis 

 

To further understand phase-change phenomena underneath the evaporator surface, an 

analysis of the kinetics of the nucleation process was performed using two-phase models. During 

the operation, nucleation is expected on the middle of the coolant or evaporator surface. In 

general, nucleation can be divided to homogeneous and heterogeneous nucleation, depending on 

the nucleation sites. Heterogeneous nucleation starts on the preferential solid surfaces in the 

system, whereas homogenous nucleation appears away from the surfaces, which makes it more 

difficult to create an interface in the interior of a single phase. To distinguish between the two 

cases, the relation between the rate of embryo formation J  and the system properties given by 

the following equation can be usefully used [74-76]:   

 

 

1/2 3

2

3 16
exp

3 ( )

l

B l sat l l

J
m m k T P T P

  

 

   
    

     

               (3.24) 

where 

 

 ( )
exp

l sat l

l l

P P T

RT




 
  

 
. 

 

Because J  is the rate at which bubbles of critical size are formed in steady-state, the increase in 

J  means the probability of the formation of bubbles greater than the critical size will also 

increase [74]. Therefore, the kinetic limit of superheat, which is defined as a temperature range 

below which homogeneous nucleation does not start, and above which it definitely occurs, can 

be determined using the above equation [74]. Using the values in Table 3.4, which obtained 

thermal and fluidic analysis, the rate of bubble formation was calculated for different liquid 

temperatures underneath the evaporator surface, as shown in Figure 3.9. Although an exact 

threshold value of J  for homogeneous nucleation is not known for the kinetic limit of 

superheat, J =10
12

 m
-3

s
-1

 is in good agreement with experimental data [74,77]. According to Fig. 

3.9, the corresponding liquid temperature is approximately 306.7°C, which is the minimum 

liquid temperature underneath the evaporator surface to cause the homogeneous nucleation at 

given pressure. Hence, only heterogeneous nucleation on the evaporator surface is expected to 
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occur during the operation of the TGP. This also means that all bubbles smaller than the critical 

size are likely to completely collapse, which suppresses homogeneous nucleation in the TGP. 

 

 

  
Figure 3.9 Computed rate of bubble formation with different liquid temperatures for homogeneous nucleation based 

on the kinetic limit of superheat. 
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Chapter 4 
 

Device Fabrication 

 

 
4.1 Evaporator and Reservoir Fabrication by Top-Down Process 
 

 

4.1.1 Principles of Deep Reactive-Ion Etching 

 

The basic etching techniques used in microfabrication can be categorized as wet chemical 

etching and dry etching, based on the type of etchant. Hydrofluoric (HF) acid, potassium 

hydroxide (KOH), or tetramethylammonium hydroxide (TMAH) are the common wet chemicals 

used to etch SiO2 layer or bulk silicon. The etching can be performed by immersing the samples 

in the chemical solution. Because the etching rate by wet chemicals depends on the temperature, 

careful monitoring of the reaction temperature is most important to etch for the desirable 

thickness. In general, wet chemical etching tends to etch the targets in all directions, which is an 

isotropic process forming the “undercut” under the resist. This etch bias becomes a serious 

problem in the microfabrication process where a vertical sidewall is needed [78]. Although the 

KOH and TMAH provide anisotropic silicon etching, they are highly dominated by the silicon 

orientation and extremely sensitive to temperature. Consequently, dry etching techniques are 

now widely used in the microfabrication process to avoid the undercut problem. First, a common 

dry etching technique is performed with plasma etching using radio frequency (RF) excitation, 

which frequency is typically 13.56 MHz, to ionize etchant gases in a vacuum chamber. In the 

vacuum chamber, the wafer can be placed on a lower plate among parallel two electrode plates, 

and the RF excites free radicals in the source gases to create the plasma reacting with the wafer 

surface for anisotropic etching. The type of source gases can be selected based on the target 

materials to be etched. A second dry etching technique is sputter etching and ion milling, which 

are purely physical processes that use energetic gas ions, such as argon ions, to maximize the ion 

bombardment [79]. When these highly energetic ions physically hit the atoms on the wafer 

surface, directional and anisotropic etching occurs. However, these techniques are not typically 

used these days because there are several accompanying problems during the process, such as 

redeposition of materials, ion path distortion, or lattice damage [79]. To overcome these 

problems, reactive-ion etching (RIE), which combines plasma and sputter etching, has been 

developed for highly anisotropic etching. Because the two different etching processes are 

included in RIE, a combination of chemical reactions and physical bombardment achieves the 

etching. By using an asymmetrical connection between parallel plates in the vacuum chamber, 

the high voltage (in the range of 100–700 V) required to accelerate energetic ions from the 

plasma to the wafer can be generated, as seen in Figure 4.1(a) [78]. The upper electrode is 

grounded in the RIE system, whereas the lower electrode is grounded in the plasma etching. The 

etching is generally run in the range of 10–100 mTorr.  
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Figure 4.1 Schematic illustrations of (a) asymmetrical reactive-ion etching system chamber and (b) working 

principles of deep reactive-ion etching using alternative etching and polymer deposition cycles. 

 
 
Deep reactive-ion etching (DRIE) is a modification of RIE for highly anisotropic and deep 

etching using alternating etching and polymer deposition cycles. Figure 4.1(b) depicts the high-

aspect-ratio and vertical trench etching by the alternative etching and protective polymer 

deposition cycles in the DRIE process. The SF6 and C4F8 gases are generally used as a source for 

silicon etching and etch-resistant polymer deposition, respectively. As a conformal deposition, 

the passivation polymer is deposited on the bottom of the etching target as well as the sidewall. 

However, anisotropic plasma etching etches the polymer on the bottom of the sample faster than 

the polymer on the sidewalls because the polymer dissolves slowly in this etching process and 

thus achieves highly anisotropic vertical etching of the silicon by protecting sidewalls from 

etching. The sidewalls are often slightly tapered rather than being a perfect 90° and optically not 

very smooth. The key difference between RIE and DIRE is the etching rate: the etching depth by 

RIE is generally limited to around 10–15 μm with an etching rate of 1 μm/min, whereas the 

DRIE can etch up to 600 μm with an etching rate of 1–20 μm/min. Hard-baked photoresist or 

SiO2 can be used as an etching mask due to its high selectivity to silicon. From the thermal 

resistance network analysis discussed in Chapter 3, the deeper reservoir depth is preferred to 

prevent the boiling of the coolant in the reservoir before it flows up to the evaporator surface. 

Therefore, DRIE technique can be used to fabricate both the evaporator and reservoir layer.      

  

 

4.1.2 Fabrication Flow for Evaporator and Reservoir 

 

Figure 4.2 illustrates the fabrication flow of the evaporator and reservoir layer in the TGP. 

A single photomask for standard photolithography was used to fabricate the reservoir layer, 

whereas two lithography steps were needed for the evaporator layer because the etching depth 

for the evaporator depends on the length of the ZnO nanowires to make sure the coolant touching 

the evaporator surface overcomes the dryout limitation. Thus, the etching depth on the 

evaporator site was less than the vapor channels on the layer were, resulting in two lithography 

steps and alignment work, as seen in Fig. 4.2(a). In this work, clean p-type <100> 4-inch silicon  
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Figure 4.2 Fabrication flow schematic of (a) evaporator layer and (b) reservoir layer using standard 

photolithography and deep reactive-ion etching. 

 

 

wafer with 10–20 Ω-cm resistivity was used. The I-line positive photoresist (PR, OiR 906-12, 

Fujifilm, Japan) was then spin-coated at 1,300 rpm for 30 s to deposit the thickness of 

approximately 2 μm. After PR coating, the wafer was softly baked at 90°C for 1 min to 

evaporate the solvent in the PR so that the PR was not sticky. The patterning of the evaporator 

site by contact photolithography (MA6, Karl Suss, Germany) with 17 mW/cm
2
 for 6 s was 

followed by the post exposure bake at 120°C for 1 min to reduce the mechanical stress in the PR 

film. The wafer was then developed in the developer (OPD-4262, Arch Chemicals, Inc., CT) for 

1 min. After rinsing in DI water, the hard baking of the developed wafer was performed on a hot 

plate at 120°C for 20 min to make the developed photoresist physically, thermally, and 

chemically hard and thus more adhesive to the silicon wafer for subsequent etching processes. 

For etching silicon substrate for the evaporator site, anisotropic etching was conducted by a 

DRIE etching machine (STS2 ICP-SR, SPTS, CA) for 3 min to etch the trench to a depth of 10 

μm. To fabricate the vapor channels and intermediate chamber on the evaporator layer, the same 

standard photolithography procedures were performed on the etched wafer. The second 

photomask was aligned with the evaporator site, and the wafer was exposed by ultraviolet (UV) 

for 6 s. The previous recipes for baking and development could be applicable to the second 

photolithography. Finally, the photoresist on the wafer was stripped by oxygen plasma (Technics 

PE II-A, Technics West, Inc., CA) at 300 W for 7 min. The fabrication of the reservoir layer was 

much easier than the evaporator layer was because the reservoir layer contains only a single 

photolithography step to etch both the reservoir chamber and the liquid channel on the layer. The 

same recipes for standard photolithography and DRIE were used for this process.  
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4.1.3 Fabrication Results 

 

Figure 4.3 shows the scanning electron microscope (SEM) images of the fabricated 

evaporator layer, which is the top layer among three layers in the TGP for transporting the vapor 

through the microchannels. Once the coolant removes the heat by touching the evaporator 

surface underneath the hot chip, the vapor escapes from the evaporator site through the neck 

connected to the vapor channels, as seen in Fig. 4.3(a). The width of the vapor channel at the 

entrance is 500 μm and gradually decreases until it reaches 100 μm at the end of the channel. 

Because the total length of the vapor and liquid channels was designed at 40 mm, the tapered 

angle of both channels is 0.286°. The result of the reservoir layer was pretty much the same as 

the evaporator layer was except in a reversed direction, as already shown in Fig. 2.3(c) and Fig. 

2.5. Figure 4.4 shows the zoomed-in view of triple-spike microstructures at the end of the 

tapered vapor and liquid channels. As mentioned in Chapter 2, the triple-spike microstructures at 

the entrance of the reservoir chamber will drive the liquid out of the microchannels, spreading 

liquid across the reservoir by distributing the meniscus and extending the capillary action by the 

assistance of the microstructures, which achieve rapid refilling of coolant into the reservoir.  

 

 

  
Figure 4.3 SEM images of deep reactive-ion etched evaporator layer: (a) neck part where the evaporator site and 

vapor channels are connected and (b) intermediate chamber, which is the end of the tapered vapor channels where 

the condensed liquid meniscus overflows by triple-spike microstructure. Scale bars: 200 μm for both (a) and (b). 
 
 

  
Figure 4.4 Zoomed-in view of triple-spike microstructures at the end of tapered vapor and liquid channels to drive 

the liquid meniscus out of the channels by extending the capillary action. Scale bar: 100 μm. 
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4.2 Coherent Porous Silicon Wick Fabrication 
 

 

4.2.1 Principles of Photoelectrochemical Etching 

 

The crucial feature of the coherent wick layer is that the vertically aligned microchannels 

transport the coolant from the reservoir chamber to the end of pores using capillary pressure 

before the coolant spreads across the entire wick surface by the nanowires. To fabricate the 

multiple straight microchannels through the silicon substrate, a combination of standard 

photolithography and DRIE technique can be used for deep trenches. However, considering the 

fabrication cost, time, and yield, it would seem that dry etching is no longer suitable to fabricate 

the coherent porous silicon wick structure in the TGP. Accordingly, wet chemical etching 

assisted with electric platform and photo-illumination of so-called photoelectrochemical (PEC) 

etching was used in this study to fabricate high-aspect-ratio trenches in the silicon wafer for wick 

structure. The PEC etching in HF acid is basically a highly anisotropic wet etching, which can 

achieve an aspect ratio over 10:1 and often 100:1 in silicon substrates [80-83]. As the HF acid is 

used in PEC etching, a charge exchange between the semiconductor and fluoride ions (F
-
) in the 

electrolyte (i.e., HF acid) becomes the operating mechanism of the PEC etching [84]. This 

formation mechanism is also affected by the dopant type of the silicon substrate [81-84]. In an n-

type silicon substrate, minority carriers (i.e., holes) can be formed by illumination that reduces 

the width of the carrier-depleted space charge region (SCR) [85]. Without photo-illumination, 

pore formation occurs only at doping levels above around 10
18

 cm
-3

, at which the tunneling effect 

appears due to the narrow SCR [84]. The holes generated by photo-illumination move to the 

silicon-HF acid contact interface, where silicon-silicon bonds weaken, under anodic bias which 

allows the silicon surface to be attacked by F
-
 ions in the HF acid [84]. The overall chemical 

reaction during the PEC etching can be expressed as follows [81]: 

 

2h
+
 + 6HF + Si → SiF6

2-
 + H2 +4H

+
.                    (4.1) 

 

Because, under the anodic bias, n-type silicon always forms SCR, the initiation of pores occurs 

spontaneously at random locations on the silicon surface, whose position is dominated by the 

local capturing efficiency of minority carriers [81,86,87]. Figure 4.5 illustrates the scheme of the 

experimental setup for fabrication of the coherent porous silicon structure using the PEC etching 

process [41,88]. The basic setup was based on the commercially available PEC etcher (MPSB 

150, AMMT GmbH, Germany) [89]. The experimental setup is composed of a chemically 

resistant polyether ether ketone (PEEK) tank to contain the HF acid, a wafer holder, a sapphire 

window to illuminate the backside of the wafer, parallel platinum mesh electrodes for anodic 

bias, and a compressed air line to seal the HF acid flows between the cathode and anode chamber. 

Once the bias is applied from the external power supply, holes in the n-type silicon wafer 

generated by UV photo-illumination move toward the HF acid-silicon contact surface where the 

silicon-silicon bonds are attacked by F
-
 ions in electrolyte and thus is etched, forming deep 

trenches at random positions on the silicon surface, as seen in the rectangle showing the close-up 

view of the wafer surface during the etching. Because hydrogen bubbles occur during the etching 

(Equation (4.1)), a few droplets of a wetting agent or ethanol can be added to the HF acid to 

remove bubbles trapped in trenches, which may hinder the deep etching of the trenches [90,91].  
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Figure 4.5 Schematic illustration of the coherent porous silicon fabrication process by photoelectrochemical etching 

process. The minority carriers in n-type silicon move to the hydrofluoric acid-silicon contact surface to attack the 

weaken silicon-silicon bond. 

 

 

4.2.2 Fabrication Flow for Coherent Porous Silicon Wick 

 

The fabrication flow of the coherent porous silicon wick layer is shown in Figure 4.6. The 

illustration depicts the fabrication flow of the porous silicon wick before the ZnO nanowires are 

synthesized on the wick surface, which will be discussed in the next section. Because the porous 

region must be placed where the evaporator and coolant chamber were aligned together, the PEC 

etching was performed on a local area using standard photolithography with a suitable mask 

layer. To protect the unexposed silicon surface from the attack of F
-
 ions, a suitable mask 

selection is important in PEC etching. The most common mask layers such as silicon oxide and 

nitride, cannot be used in a PEC etching process because they dissolve in HF acid [92]. 

Accordingly, noble metals (gold or platinum), polysilicon [93], photoresist [94], or silicon 

carbide [91,92] have been used for a mask layer in PEC etching. It is obvious that the standard 

photolithography and mask layer were necessary to define the local pattern where a porous 

silicon would be formed. Considering the large dimension of the evaporator site (5×5 mm
2
), 

however, precise control to define the porous region would increase the fabrication cost as well 

as the process time. Therefore, in this study, a simple mask pattern method using commercially 

available polyimide film (Kapton, Dupont, DE) was used to make the mask layer. Because the 
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Figure 4.6 Fabrication flow of (a-c) coherent porous silicon wick by local photoelectrochemical etching, (d-f) deep 

reactive-ion etching of backside of wafer, and (g) laser etching through the layer for via hole connected to the 

condenser. 

 

 

polyimide provides good thermal stability and is chemically resistant, it can be effectively 

utilized in PEC etching, except for patterning the microscale features. As a first step for 

fabrication of a coherent porous silicon wick, an n-type <100> silicon wafer with 10–20 Ω-cm 

resistivity and 5 wt % HF acid were prepared. A near-UV light bulb (365 nm wavelength, 

Spectronics Corporation, NY) was used for the photo-illumination source to generate holes in the 

n-type silicon wafer. During the etching, the applied current density and voltage were kept 

constant at 8.6 mA/cm
2
 and 4.5 V, respectively [41,95]. To remove the hydrogen bubbles 

trapped in the trenches during the etching, 1% v/v of ethanol was additionally mixed with the HF 

acid before etching. Once the PEEK tank was filled with HF acid and the UV light source was 

set near the window, the wafer was carefully patterned with polyimide tape to expose only the 

desired area where the macro pores would be generated after etching (Fig. 4.6(a)). After 1 h and 

30 min, the sample wafer was taken out of the tank and thoroughly rinsed with DI water. Note 

that it also requires care to remove the polyimide film because it may still be sticky on the silicon 

surface, even after etching. In this case, acetone can be used to remove the polymer residue on 

the wafer (Figs. 4.6(b) and (c)). Considering a reservoir containing a large volume is preferred 

based on the numerical analysis in Chapter 3, the pore depth was limited to approximately 200 

μm, and the backside of the wafer was aligned, patterned with PR, and etched by DRIE (with the 

same recipe in subsection 4.1.2) to open the pores on both sides of the wick layer (Figs. 4.6(d)-

(f)). Finally, the “via hole” (see Fig. 2.4) was punched by a laser etcher (10.6 μm 30 W CO2, 

PLS6MW, Universal Laser Systems, AZ). Even though DRIE can also be used to etch through 

the wafer to form the “via hole”, the laser etcher was more suitable for this fabrication in terms 

of sample preparation time, labor, and fabrication cost.  
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4.2.3 Fabrication Results 

 

As a result of PEC etching, Figure 4.7(a) shows a top view of the coherent porous silicon 

surface with a porosity of 17.5% (approximately 11,000 pores/mm
2
). An average diameter of 

pores and pitch (i.e., distance between pore to pore) is around 4.5 μm and 9.3 ± 1.5 μm, as seen 

in Fig. 4.7(b). Considering the design value for pore radius (< 2.79 μm) and porosity (20%) 

derived from the numerical analysis in Chapter 3, reasonable values were obtained by the PEC 

etching. It is also noticeable that the top surface was not evenly smooth, as it showed shallow 

trenches near the main deep trenches. Because the PEC etching in the present study does not 

require a mask to pattern initial grooves where the nucleation of pores is induced, sequent and 

discrete nucleation sites occur on the silicon surface, which initiates the formation of new 

trenches next to the previously etched trenches with a time lag [96]. The cross-sectional view 

with a 45° tilted angle shows straight and high-aspect-ratio vertical microchannels with an 

average length of 240 μm, as seen in Figs. 4.7(c) and (d). After fabricating the coherent porous 

silicon by PEC etching, the backside of the wafer was etched by DRIE to form a thin porous 

wick membrane structure that allows the coolant to pass across the wick membrane from the 

reservoir to the evaporator surface. Figure 4.8 shows the coherent porous silicon wick membrane 

after back etching of the porous silicon. Through this porous membrane, the coolant can surge up 

to the end of the pores by primary capillary pressure, but the coolant is unable to overflow out of 

the pores due to the pinned liquid meniscus at the end of the pores. 

 

 

  
Figure 4.7 SEM images of photoelectrochemically etched coherent porous silicon: (a) top surface view, (b) zoomed-

in view of micropores, (c) 45° tilted view, and (d) zoomed-in view of straight and vertically aligned microchannels 

generated by coherent porous silicon. Scale bars: (a) 10 μm, (b) 2 μm, (c) 30 μm, and (d) 10 μm. 
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Figure 4.8 SEM images of coherent porous silicon wick membrane after backside deep reactive-ion etching: (a) 30° 

tilted view and (b) cross-sectional view. Scale bars: (a) 30 μm and (b) 10 μm. 

 

 

4.3 Zinc Oxide Nanowire Synthesis by Bottom-Up Approach 
 

 

4.3.1 Vapor-Liquid-Solid Mechanism 

 

Most semiconductor nanowires can be synthesized by the vapor-liquid-solid (VLS) 

mechanism originally proposed by Wagner and Ellis 50 years ago [97]. In this process, the vapor 

phase of semiconductor material is absorbed by a liquid alloy droplet of impurity or appropriate 

catalysts. Commonly, the catalyst is a eutectic alloy with a low melting point that plays an 

important role in growing the whiskers by precipitation of the substrate material and providing 

seeds for whisker growth. The state of the catalyst relies on chamber’s pressure and temperature 

[98]. The semiconductor vapor is then condensed at the interface between the liquid alloy droplet 

and the whiskers, which may extend the length of the nanowire [99]. In the VLS process, the 

diameter of the nanowire is defined by the size of the catalyst particle (i.e., related to the 

thickness of catalyst layer), and the location where the nanowire grows is determined by the site 

of the particle [100,101]. In the present work, the same VLS method was initially performed to 

synthesize the ZnO nanowires on the coherent porous silicon wick structure [95]. The schematic 

illustration of growth process is shown in Figure 4.9. In this process, a thin gold layer of 1.5 nm 

was deposited on the porous region of the wick layer using electron beam evaporation (Edwards 

Auto 306 e-beam evaporator, Edwards, England) and a lift-off process. The deposited gold 

played a role in initiating the growth of ZnO nanowires as a catalyst particle [102]. After 

deposition of the catalyst, the sample was placed inside a quartz tube 2 cm downstream from the 

source powder, which was composed of ZnO (99.999% metals basis, Puratronics, Alfa Aesar, 

MA) and graphite power (Crystalline, 325 mesh, 99%, Alfa Aesar, MA) with a 1:1 w/w ratio in 

an alumina boat [95, 103-105]. The quartz tube was then pumped to remove contaminants in the 

tube and purged back with argon (Ar) gas. The furnace (Lindberg/Blue M, Thermo Fisher 

Scientific, MA) was heated to 900°C and kept there for 10 min for the synthesis of nanowires 

under an Ar gas of 22.5 and oxygen (O2) gas of 0.5 sccm (standard cubic centimeters per minute) 

flow rate, as seen in Fig. 4.9. 

Figure 4.10 shows the SEM images of the porous silicon wick decorated by ZnO nanowires 

grown using the VLS mechanism. At the gold/silicon eutectic temperature (363°C [106]), 
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Figure 4.9 Schematic illustration of experimental setup for vapor-liquid-solid zinc oxide nanowires growth on the 

photoelectrochemically etched porous silicon wick layer. 

 

 

  
Figure 4.10 SEM images of the porous silicon wick membrane decorated by zinc oxide nanowires synthesized by 

vapor-liquid-solid mechanism: (a) initiation of growth from the gold catalyst particles on the porous silicon substrate, 

(b) zoomed-in view of initial formation of whiskers, (c) top surface view of nanowire-integrated porous silicon wick, 

and (d) zoomed-in view of micropore ends covered by zinc oxide nanowires. Scale bars: (a) 2 μm, (b) 1 μm, (c) 10 

μm, and (d) 1 μm. 
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a seeded gold layer would make liquid alloy nanodroplets like an island on the silicon substrate, 

which absorbs ZnO vapor at the interface between the liquid droplet and solid silicon surface. 

The absorbed ZnO vapor is then condensed under the alloy droplets, where the whisker initiates 

growth, as seen in Figs. 4.10(a) and (b). Because the catalyst remains at the tip of the nanowires 

grown in the VLS process, it may be necessary to remove the catalyst to prevent metal 

contamination. The orientation of the nanowires depends on the lattice of the substrate, on which 

an epitaxial relationship between the nanowire and substrate can be made [100]. Because the 

ZnO a-axis is related to the c-axis of the sapphire, vertical growth can be built on the sapphire or 

silicon carbide substrate [103,104]. In the present study, however, random direction of nanowires 

on the porous silicon wick structure was preferred to spread the coolant across the entire wick 

and evaporator surface; vertical growth was not necessary. The top and zoomed-in view of the 

porous silicon wick membrane decorated by ZnO nanowires both on the surface and periphery of 

the pore are shown in Figs. 4.10(c) and (d), respectively. The results show that the nanowires, 

which had an average diameter of 100 nm, were successfully grown on top of the porous silicon 

wick to drive the liquid out of the pore by extended capillary action. In the following subsection, 

the results of the VLS process will be compared with those in the hydrothermal synthesis method, 

which is an easier and more practical method and thus was selected for use in this study. 

 

 

4.3.2 Hydrothermal Methodology 

 

Despite the VLS synthesis method that provides high-quality ZnO nanowire, the vapor 

phase approaches require a high temperature, a long process time for sample preparation, and 

expensive thermal deposition systems. Consequently, a new approach, the so-called 

hydrothermal method, has been developed for ZnO nanowire synthesis with a large-scale growth 

area and relatively cheaper equipment at low temperatures [107-110]. The advantages of this 

aqueous approach are that the ZnO growth is independent from the substrate (i.e., it can be 

grown on any substrates, such as metals, semiconductors, and polymers), and large-scale growth 

is achievable. In addition, the total synthesis time is relatively shorter than the VLS method 

because the hydrothermal method does not need to wait until the temperature has cooled down to 

room temperature—it can be done at a low temperature (around 90‒95°C) [107,108]. In this 

study, the hydrothermal method was preferred for the ZnO nanowire synthesis on the porous 

silicon wick structure because it may minimize the metal contamination at the tip of the 

nanowire (such contamination may affect the thermal properties of the system), and it provides 

an easier, more practical, and faster process than the VLS method. The overall process to 

synthesize the ZnO nanowires on the porous silicon wick is shown in Figure 4.11. As a first step, 

the porous region where the nanowires are to be grown was defined by the standard 

photolithography step (Figs. 4.11(a) and (b)). The ZnO nanoparticles (NPs, < 130 nm, 40 wt % 

in ethanol, Sigma Aldrich, MO) were then spin-coated on the porous silicon wick (Fig. 4.11(c)) 

and followed by the lift-off process to retain NPs on the porous area (Fig. 4.11(d)). After seeding 

NPs, the sample was immersed in an aqueous solution containing zinc nitrate hydrate (25 mM, 

Zn(NO3)2∙6H2O, Sigma Aldrich), hexamethylenetetramine (25 mM, C6H12N4, Sigma Aldrich), 

and polyethylenimine (5mM, C2H5N, branched, low molecular weight, Sigma Aldrich) at 92°C 

for 2 h (Figs. 4.11(e) and (f)) [41,88,108,111,112]. The sample was then taken out of the solution, 

rinsed thoroughly with DI water, and baked on a hot plate at 400°C for 30 min for removal of 

residual organics on the sample [41,111]. 
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Figure 4.11 Fabrication flow of nanowire-decorated porous silicon wick layer by (a-b) standard photolithography, 

(c-d) deposition of zinc oxide nanoparticles by lift-off, and (e-f) hydrothermal synthesis in precursor solution.  

 

 

Figure 4.12 shows the SEM images of the porous silicon wick layer covered by ZnO 

nanowires synthesized by hydrothermal methodology. The uniformly deposited ZnO NPs using 

the spin-coating are shown in Figs. 4.12(a) and (b) showing an average diameter of 75 nm. 

Because the growth sites of nanowires is defined by the locations of deposited NPs, uniform 

deposition is critically important to synthesize dense nanowire forests. After heating the seeded 

sample for 2 h in the precursor solution, the dense nanowire forests were synthesized on the 

surface of the wick structure, as seen in Figs. 4.12(c) and (d). Note that nanowires can be also 

synthesized in the inner wall of pores to accelerate a feeding speed of coolant from the reservoir 

to the evaporator surface by enhanced capillary action in the inner wall. To grow nanowires over 

the top surface and inner wall of the pores simultaneously, the ZnO NPs can simply be dropped 

onto the porous silicon wick region rather than the deposition by spin-coating so that the NPs 

dispersed in ethanol can penetrate pores, which can deposit NPs in the inner wall of pores [41]. 

Figure 4.13 shows the hierarchical porous silicon wick, where the top surface is decorated by 

ZnO nanowires to drive the coolant out of the pores and spread it between the entire wick and 

evaporator surface by enhanced capillary action. In the typical porous wick structure without 

nanowires, coolant surges up to the end of pore by the primary capillary force in the vertical 

microchannel, but it is unable to overflow out of the pore because the liquid meniscus is pinned 

at the end of the pore, which causes the wick dryout limitation in the TGP. With the assistance of 

decorated nanowires, the pinned meniscus at the pore is broken, and liquid is sucked into the 

nanochannel generated between individual nanowires. Therefore, the chronic dryout problem in 

the micro cooling devices can be solved by the fabricated hierarchical structure. 
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Figure 4.12 SEM images of the porous silicon wick membrane covered by zinc oxide (ZnO) nanowires synthesized 

by hydrothermal methodology: (a) seeded porous silicon wick by ZnO nanoparticles, (b) zoomed-in view, (c) top 

surface view of nanowire-integrated porous silicon wick, and (d) zoomed-in view of micropore ends covered by 

ZnO nanowires. Scale bars: (a) 1 μm, (b) 200 nm, (c) 2 μm, and (d) 1 μm. 

 

 

 

  
Figure 4.13 SEM images of the hierarchical porous silicon wick layer decorated by zinc oxide nanowires to drive 

the coolant out of the pore by the assistance of extended capillary action: (a) 20° tilted view and (b) zoomed-in view. 

Scale bars: (a) 10 μm and (b) 2 μm. 
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Chapter 5 
 

Experimental Testing of Device 

 

 
5.1 Liquid Feeding Performance Test 
 

 

5.1.1 Self-Transport of Condensed Liquid 

 

To demonstrate the ability of transport liquids condensed from superheated vapor, four 

different shapes of vapor and liquid channels were designed and fabricated. Figure 5.1 shows the 

four different designs to test the transporting performance of condensed liquids in each channel. 

The first designed channel is the tapered channel with a decreasing gap thickness toward the 

intermediate chamber to transport the liquids by themselves with the assistance of an axial force 

arising from the different curvature pressures [52]. Although this tapered channel can transport 

the liquids up to the channel ends, the liquid meniscus is expected to be pinned at the neck of the 

channel due to the surface tension. Thus, various microstructures were introduced at the end  

 

 

  
Figure 5.1 Schematic illustrations of microchannel designs in the evaporator layer to transport the condensed liquid 

into the reservoir chamber: (a) tapered design, (b) micropost design in the tapered design, (c) single-spike design in 

the tapered design, and (d) triple-spike design in the tapered design. 
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of the tapered channel to break the meniscus up and further extend the capillary action. The 

micropillar structure, which is extensively used in microfluidic applications to provide extended 

capillary force [113-115], was first designed and adopted, as seen in Fig. 5.1(b). For the novel 

design in the present study, the single-spike and triple-spike designs previously proposed in 

Chapter 2 were also suggested for the comparison, as seen in Figs. 5.1(c) and (d). The SEM 

images of four fabricated channels are shown in Figure 5.2. The fabrication flow and recipes are 

the same as described earlier in subsection 4.1.2, using standard photolithography and DRIE. 

The microposts with a diameter of 5 μm and a pitch (center-to-center distance between posts) of 

20 μm were successfully fabricated, as seen in the rectangle showing the zoomed-in view of the 

microposts in Fig. 5.2(b). Because the interface between silicon and water has hydrophobicity 

with a contact angle of approximately 77°, the condensed liquid cannot be transported by the 

capillary action unless the wettability of the interface is changed [116,117]. To investigate the 

wettability of the fabricated channel, the contact angle on the surface was measured by the 

contact angle measurement system (DSA10, Krüss GmbH, Germany), as shown in the captured 

images below Fig. 5.2. The silicon surface with thin native oxide shows a contact angle of 52.1°,  

 

 

  
Figure 5.2 SEM images of four different fabricated designs for vapor and liquid channel in the thermal ground plane: 

(a) tapered channel, (b) microposts design in the tapered design, (c) single-spike design in the tapered design, and (d) 

triple-spike design in the tapered design. Scale bars: 20 μm for (a), (b), (c), and (d). Lower images: measured contact 

angles on the different surfaces including silicon with native oxide, quartz, and silicon dioxide. 
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whereas the quartz and SiO2 surface on the silicon have a contact angle of less than 35°, which 

may help condensed liquids be transported by the capillary force arising from the interface 

between the liquid and channel wall surface. To demonstrate the movement behavior of liquids 

in the fabricated channels, a three-dimensional finite elements analysis was also carried out using 

ANSYS Multiphysics (CFX 13.0). Figure 5.3 shows the comparison of results between 

computation and experiment. The sequential images during the experiment were taken by a high-

speed camera (Phantom Miro eX4, Vision Research, NJ) with a time interval of 50 ms. For both 

computation and experiment, a liquid volume of 1.6 μL was used. As a result, the overall 

experimental results showed good agreement with those of the finite element analysis for each 

channel. The tapered channel design shows the pinned meniscus at the end of channel as 

expected. To transport the liquid in the channel, this pinned meniscus must move farther against 

the surface tension. Even though the micropost design was fabricated and tested, the meniscus 

was unable to overflow out of the channel end in this study, which might be caused by sparse 

density of the microposts, indicating that the capillary force in the micropost design highly  

 

 

  
Figure 5.3 Comparison of results between computational and experimental results for each designed microchannel 

to transport the liquid liquid by extended capillary action. Scale bars: 100 μm for (a), (b), (c), and (d). 
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depends on the diameter and pitch distance. The computational result also showed that the 

meniscus in the channel with the micropost design was stopped at the end of channel, the same 

with the experimental data (Fig. 5.3(b)). In the single-spike design, the liquid meniscus was 

successfully separated, but the two distributed menisci were unable to move farther away from 

the channel end due to the secondary surface tension on the corner that was pulling the menisci 

again. These results showed that the smaller meniscus was preferred to overcome the surface 

tension in the channel. Consequently, the triple-spike design showed the best results for 

transporting the condensed liquids by distributing the meniscus and extending the capillary 

action between four separated channel gaps, as seen in Fig. 5.3(d). Therefore, the triple-spike 

structure, which is a promising design for transporting the liquids when the chip mounted on the 

evaporator is turned off, was selected for channel design in the TGP. The sequential images of 

self-transporting liquids in the evaporator channel are shown in Figure 5.4. The liquid condensed 

from the superheated vapor in the channel was first transported along the 40 mm tapered channel 

with a decreasing gap from the vapor entrance of 500 μm to the channel exit of 100 μm (i.e., 

tapered angle of 0.286°). The meniscus of the transported liquid was then separated by the 

middle spike of the triple-spike structure, forming two menisci. After overflowing out of the 

channel end, these menisci were separated again by the two side spikes and flowed along the 

sidewalls of the spike structure, which allowed the liquid to be collected on the spike structure 

(see Fig. 5.3(d)). As the vapor is condensed to the liquid droplet continuously, condensed liquids 

could be collected to the triple-spike structure in the intermediate chamber and finally dropped 

down to the liquid channels on the reservoir layer. Therefore, all liquids could be collected 

rapidly and safely into the reservoir chamber even if the chip mounted on the evaporator surface 

stopped operating, which might induce the vapor in the channel to be condensed due to an 

abruptly decreased temperature near the evaporator site. 

 

 

 
 

Figure 5.4 Sequential images of self-transporting condensed liquids in the evaporator channel (from top left to 

bottom right). The liquids were first transported along the tapered channels and then collected on the triple-spike 

microstructures by distributing menisci. Scale bar: 400 μm. 
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5.1.2 Continuous Wicking through Hierarchical Membrane 

 

To verify the wicking ability of the fabricated nanowire-decorated coherent wick layer, 

sequential images taken by a high-speed camera were compared to images of the porous silicon 

wick structure without nanowires. Figure 5.5(a) shows the top surface view of the coherent wick 

layer in which the black-colored area indicates the porous silicon wick region without nanowire 

growth. For the experiment, the wick layer was placed on the microchannel, and the DI water 

mixed with a 1% v/v wetting agent (Photo-Flo 200, Kodak, NY) was injected underneath the 

layer at a small volumetric flow rate to minimize unwanted external pressure, which might push 

the water out of the pores. As a result, the liquid was unable to overflow at all through the porous 

wick structure without nanowires even after 5 s because all the liquid menisci were pinned at the 

end of the pores by the surface tension. However, the hierarchical nanowire-decorated porous 

silicon wick structure could push the coolant up out of the pores and spread it across the top 

surface of the wick due to the enhanced and extended capillary action, as seen in Fig. 5.5(b). The 

coolant was first sucked into the pores immediately after the coolant touched the bottom of the  

 

 

  
Figure 5.5 Comparison of wicking performance between (a) traditional wick structure and (b) nanowire-decorated 

coherent porous silicon wick structure. Sequential images were taken by a high-speed camera. Scale bars: 5 mm for 

(a) and (b). 
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wick layer and surged up to the pore ends due to the primary capillary pressure. At the pore ends, 

liquid menisci were able to flow further out of the pore due to the nanowires synthesized at the 

pore ends, resulting in overflowing liquid across the top surface of the wick structure. 

Consequently, this overflowing liquid kept the entire wick surface wetted and hydrated at all 

times, overcoming the dryout limitations during operation. To observe the overflowing liquid in 

the different view, the coherent wick layer was placed between the evaporator and reservoir layer, 

and a cross-sectional view was recorded by a high-speed camera, as seen in Figure 5.6. The 

sequentially captured images with a time interval of 100 ms show that the microscale gap 

between the evaporator and wick layer, which might have been caused by imperfect bonding, 

was filled with the coolant within 300 ms. This result means the rapid feeding of the coolant 

from reservoir to the evaporator surface was achieved by the nanowire-decorated hierarchical 

porous silicon wick structure, which did not occur when a typical porous wick structure without 

nanowires was used for the experiment. It is also noticeable that coolant could reach the upper 

surface by jumping the microscale gap, which is often formed due to the imperfect bonding 

process between silicon surfaces. Therefore, the fabricated nanowire-decorated hierarchical 

porous silicon wick structure could achieve the overflowing of the coolant from the reservoir 

chamber to the evaporator surface, allowing the TGP device to regenerate the cooling system by 

overcoming the dryout limitation. 

 

 

  
Figure 5.6 Feeding of coolant from reservoir to evaporator surface by nanowire-decorated coherent porous silicon 

wick structure. The microscale gap between evaporator and wick layer was filled with coolant in a short period of 

time. The blue arrow indicates the moving meniscus. Scale bar: 100 μm. 
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5.2 Thermal Conductivity Measurement 
 

 

5.2.1 Principles of 3ω Method 

 

In Chapter 3, the thermal resistance network analysis for the overall system was performed 

with computationally estimated thermal conductivities of ZnO nanowires and a coherent porous 

silicon wick structure. In this study, the thermal conductivity of porous silicon was 

experimentally measured by the 3ω method, which is widely used for thermal conductivity 

measurement using the frequency domain and microheater line [118]. In this method, a periodic 

current I  at the frequency ω causes the Joule heating ( 2Q I R ) with a 2ω, which leads to the 

variation of the temperature and electrical resistance R  with a 2ω component [119]. Thus, the 

voltage signal across the heater line has a 3ω component. This technique has been extensively 

used to measure the thermal conductivity of thin films in a cross-plane direction [120] and 

superlattice samples [121,122] as well as bulk materials with high accuracy because Joule 

heating can be precisely controlled by the external electronics. As a transient method, the 

maximum measurable depth can be controlled by changing the heating frequency. Because a 

relatively small input current (generally tens of mA) would not heat the sample (usually less than 

1K), temperature stabilization can be achieved rapidly compared to the steady-state methods in 

which a long waiting time is needed to stabilize the temperature. To measure the thermal 

conductivity by the 3ω method, the heater line must be fabricated by microfabrication techniques 

and electrically insulated from the sample substrate by depositing a thin layer of electrical 

insulating material, such as SiO2 or silicon nitride, between the heater line and the sample.  

In this study, a sinusoidal voltage source and lock-in amplifier (SR850, Stanford Research 

Systems, CA) were used to provide the voltage and measure the sinusoidal voltage signals, 

respectively. Because the 3ω voltage is generally four to five orders of magnitude smaller than 

1ω voltage, the dynamic reserve needed to be tuned carefully to ensure the amplifier had a 

sufficient reserve for the measurement of 3ω voltage. To improve the resolution, a precision 

resistor (1433 series decade resistor, resolution of 0.01 Ω, GenRad, MA) connected with the 

heater line in series was added and tuned carefully to match the resistance of the heater line [119]. 

Therefore, the 1ω voltage would be cancelled by subtracting the precision voltage from the 

sample voltage, allowing the leftover 3ω signal to become the 3ω voltage of the sample. Figure 

5.7 shows the sample preparation process for the thermal conductivity measurement of the 

porous silicon wick structure. The pore trenches in the bulk 4-inch silicon wafer were first 

generated by the PEC etching (part (a)), followed by DRIE back side etching (part (b)) to make 

the thermal penetration depth ( /p   , where   is the thermal diffusivity) propagate in the 

porous medium even at the high frequency. The electrically insulating layer, SiO2, was then 

deposited with 50 nm thickness using a sputter (Edwards Auto 306 DC/RF sputter, Edwards) and 

gold was deposited by e-beam evaporator (Edwards) for the heater line on the SiO2 film (part (c)). 

The fabricated heat line with a length of 1.5 mm and a width of 80 μm is shown in Fig. 5.7(d). 

The voltage differences across the heater line were converted to a single output by an amplifier 

chip (AD524, Analog Devices) and measured by the lock-in amplifier.  
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Figure 5.7 Sample preparation process for thermal conductivity measurement of the porous silicon wick structure 

by 3ω method: (a) photoelectrochemical etching for forming the porous silicon wick, (b) deep reactive-ion etching 

of bulk silicon, (c) deposition of electrically insulating layer, followed by the microheater line, and (d) SEM image 

of fabricated heater line on the back side of porous silicon wick. Scale bar: (d) 100 μm. 

 

 

To measure the thermal conductivity with respect to the temperature, the sample was placed 

on a hot plate, and thermal grease was applied between the sample and the hot plate to minimize 

thermal contact resistance by eliminating air gaps from the interface. Because the sample on the 

hot plate was capped with a small box, heat conduction and convection through the air were 

negligible. As with the sample with a SiO2 surface on top, errors from the black-body radiation 

were reported at less than 2% at 1000 K [118]. Therefore, considering the operation temperature 

range of the TGP device peaks at around 165°C, the radiation effect can be also negligible. The 

heating frequency from 500 to 10,000 Hz was selected to find the appropriate heating frequency 

range and the thermal penetration depth was simultaneously calculated to make sure that the 

penetration length was shorter than the sample thickness. A periodic current of 45 mA passing 

across the heater line was used for the measurement. The correction factor, which is generally 

used to minimize error resulting from the use of a given voltage source, was not adopted during 

the measurement because the resistance of the heater line was much smaller than that of the 

electric circuit [119]. From this measurement, the thermal conductivity of the bulk silicon placed 

between heater line and porous silicon and of the porous silicon itself could be obtained from 

raw 3ω voltage acquired as a function of heating frequency. For the thermal conductivity of the 

bulk silicon layer, the slope of the heating frequency in logarithmic scale versus the in-phase 3ω 

voltage in linear scale was used according to the following equation [118]: 
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where hL  is the length of the heater line. The term in the round brackets is the inverse slope of 

the in-phase 3ω voltage in linear scale versus the logarithmic heating frequency. This method is 

applicable for most single isotropic samples to extract the thermal conductivity from 3ω voltage 

data. However, it is not suitable for the coherent porous silicon wick structure, which is an 

anisotropic medium and requires fitting parameters with out-of-phase 3ω voltage data. Therefore, 

the analytical solution for the average complex temperature rise with heating frequency at 2ω 

was used to extract the thermal conductivity of the anisotropic porous silicon wick structure as 

follows [123]: 
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where P  is heating power, b  is the half width of the heater line, and the constant   depends 

on the thermal contact resistance at the interface between the heater line and the underlying 

substrate [118,124]. Subscripts x  and y  refer to the directions parallel (in-plane) and 

perpendicular (cross-plane) to the heater/substrate interface, respectively (see Fig. 5.7(b)). 

Equation (5.2) is valid for multilayer films on the substrate. The bottom surface of the porous 

silicon wick structure was considered as having adiabatic and isothermal boundary conditions, 

and the effects of heat conduction in the heater line can be negligible. To calculate the 

temperature rise from the measured 3ω voltage, the resistance along the heater line, the 

calibrated temperature coefficient of resistance, the current, and the length of the heater line had 

to be determined. Table 5.1 shows the input parameters to extract the thermal conductivity from 

experimentally measured out-of-phase 3ω voltage for three layers including SiO2, bulk silicon, 

and porous silicon part (Fig. 5.7(c)). Subscripts 1, 2, and 3 in the table refer to the SiO2, bulk 

silicon, and porous silicon layer, respectively. The anisotropic ratio of the porous silicon was 

based on the effective medium theory discussed in subsection 3.1.2. Considering the porous 

silicon wick structure consists of the array of hollow and cylindrical microchannels in the bulk 

silicon, the thermal conductivity of the porous silicon wick can be simply approximated as a sum 

of thermal resistors in parallel connection, as seen in Eq. (3.14), and can be further simplified to 

, (1 )eff y mk k   because the ik  (thermal conductivity of air) is nearly equal to 0 in this case. 

The thermal conductivity along the in-plane direction, which is also insensitive to the alignment 

of pores [125], can be also modeled as , (1 )/(1 )eff x mk k     [126,127], resulting in the 

expression of anisotropic ratio ,3 1/(1 )xyk   .  
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Table 5.1 Input parameters to extract the thermal conductivity from out-of-phase 3ω voltage for anisotropic porous 

silicon wick structure. 
 

Parameter Value Unit 

Thickness of SiO2 film, 1t  50 nm 

Thermal conductivity (cross-plane), ,1yk  T dependent W/m∙K 

Anisotropy ratio, ,1xyk  1 (isotropic) - 

Thickness of bulk silicon, 2t  20 μm 

Thermal conductivity (cross-plane), ,2yk  T dependent W/m∙K 

Anisotropy ratio, ,2xyk  1 (isotropic) -
 

Thickness of porous silicon, 3t  170 μm 

Thermal conductivity (cross-plane), ,3yk  Target value W/m∙K 

Anisotropy ratio, ,3xyk  0.83 ( =0.2) - 

Resistance of heater line, R  6.83 Ω 

/dR dT  0.0237 Ω/K 

Length of heater line, L  1.5 mm 

Half width of heater line, b  40 μm 

 

 
 
5.2.2 Experimental Results 

 

The thermal conductivity of the bulk silicon layer and the porous silicon wick layer was 

measured simultaneously using the 3ω method; the results are shown in Figure 5.8. The data 

were extracted from the in-phase (for bulk silicon) and out-of-phase (for porous silicon) 3ω 

voltage in the temperature range of 25‒200 °C, which is the desirable operating temperature of 

the TGP. As a result, experimentally measured thermal conductivity of the bulk silicon layer 

with a thickness of 20 μm was decreased as the temperature increased, which can be explained 

by Umklapp scattering between phonons at high temperatures in the kinetic theory. The 

measured thermal conductivity was also reasonably matched with the theoretical results 

calculated using Eq. (3.4) in Chapter 3. The thermal conductivities of the porous silicon wick 

structure showed smaller values than those of the bulk silicon, which was already expected 

because of the low thermal conductivity of the inclusion phase in the matrix phase. Using the 

theoretically estimated thermal conductivity of bulk silicon with a thickness of 170 μm and the 

Maxwell Garnett approximation (Eq. (3.9)), the thermal conductivity of the porous silicon wick 

structure was theoretically estimated as shown by the dotted line in Fig. 5.8 showing good 

agreement with the experimental data measured by the 3ω method. The maximum error between 

the theoretical and experimental values for thermal conductivities of the porous silicon wick is 

15.5% at room temperature. Therefore, the numerical analysis of the overall fluidic/thermal 

system in Chapter 3 was verified and demonstrated through both theories and experiments. 
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Figure 5.8 Thermal conductivities of bulk silicon (20 μm) and porous silicon wick (170 μm) measured by the 3ω 

method as compared to computational results calculated by the kinetic theory and effective medium theory. 

 

 

5.3 Cooling Performance Test 
 

 

5.3.1 Final Feature of Device 

 

The final TGP device was fabricated by bonding each of the three layers (i.e., evaporator, 

wick, and reservoir layer) as shown in Figure 5.9. As already investigated from previous chapters, 

each layer contains novel tailored design structures to perform desirable functions including self-

transport of condensed liquids in the evaporator layer, continuous feeding of the coolant in the 

wick layer, and the rapid refilling of the coolant in the reservoir layer. To achieve these functions 

in each layer, the triple-spike microstructures in the intermediate/reservoir chamber (Figs. 5.9(a) 

and (c)) and nanowire-decorated porous silicon wick membrane underneath the evaporator 

surface (Fig. 5.9(b)) were developed and successfully demonstrated in the evaporator/reservoir 

layer and wick layer, respectively. For a preliminary experiment, the three layers were tightly 

bonded by epoxy adhesive (#99393, Loctite, CT) at room temperature. In general, conventional 

direct bonding [128-130] and intermediate layer bonding techniques, including eutectic [131], 

polymer [132,133], and solder bonds [134], can be used to bond the silicon-silicon interface. 

However, direct bonding requires a high annealing temperature (800‒1000°C) to increase the 

bonding strength by means of higher surface energy, and eutectic bonding also needs a 

temperature higher than the eutectic temperature (400°C when gold is used as an intermediate 

layer [135]). Considering that coolant must be kept in the reservoir chamber during the bonding 

process, these direct bonding techniques are not suitable for the TGP device because the DI 

water will be completely evaporated at a temperature higher than the boiling point. Although 

direct bonding using surface treatments including oxygen plasma [136] and argon beam etching 

[137] at room temperature has been investigated, additional thermal cycles at high temperature 

(450°C) or vacuum pressure are needed to enhance the bonding strength, which remains an 

engineering challenge for hermetic sealing of the TGP device, given the presence of coolant.   
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Figure 5.9 Final device feature of the thermal ground plane composed of three layers: (a) evaporator layer with 

triple-spike microstructure, (b) wick layer with nanowire-decorated coherent porous silicon, and (c) reservoir layer 

with triple-spike microstructure. Scale bars: (a) 200 μm, (b) 2 μm, (c) 200 μm, and (d) 5 mm. 

 

 

The final thickness of the bonded TGP device is less than 2 mm because the three 4-inch 

silicon wafers were stacked. Therefore, it would be helpful to utilize this tiny planar feature of 

the device as the cooling devices in current electronic packages, which are now getting smaller 

and smaller as MEMS and nanotechnologies are being developed. Because the total length of the 

device can also be adjusted and optimized based on the size of the mounted chip, package, and 

dissipating heat flux, the TGP can provide efficient cooling performance for chip-level 

electronics. To test the cooling performance of the fabricated device, qualitative and quantitative 

experiments were simultaneously performed using a high-speed camera and thermocouple 

modules, as seen in Figure 5.10. A micro ceramic heater (5×5×1.75 mm, MS-M 1000, Sakaguchi 

E.H Voc Corp, Japan) was mounted on the evaporator site (5×5 mm). The temperature was 

monitored by a thermocouple wire (L-0044K, Omega Engineering, CT) fixed on the ceramic 

heater by thermal grease (Thermalcote, Aavid Thermalloy, NH). The current and voltage applied 

to the heater were kept constant at 0.5 A and 1.6 V, respectively, to provide approximately 

130°C, which was slightly lower than the theoretically calculated operating temperature. The 

high-speed camera was used to observe the movement of two-phase flow in the channel. For the 

qualitative experiment, the evaporator layer was additionally fabricated on a quartz wafer instead 

of a silicon wafer to verify the two-phase flow and movement of condensed liquids in the vapor 

channel visually. Using the same recipe of standard photolithography used for the fabrication of 

the evaporator layer on the 4-inch silicon wafer, a hard-baked PR mask was patterned on a 4-

inch quartz wafer, followed by an anisotropic DRIE (STS-OXIDE MPX APS, SPTS, CA). 
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Figure 5.10 Schematic illustration of the experimental setup to analyze both qualitative and quantitative cooling 

performance of final fabricated thermal ground plane. 

 

 

5.3.2 Experimental Results 

 

For qualitative analysis, the top surface of the evaporator layer fabricated on a quartz wafer 

was monitored by the high-speed camera. Figure 5.11 shows the transient movement of both 

liquid and vapor along the vapor channel during the phase-change of coolant (DI water) with a 

time interval of 5 s. Once the coolant was evaporated between the evaporator and wick surface, 

the vapor moved toward the condenser part connected to the copper heat sink. The vapors then 

returned to the liquid phase where the heat sink was connected. After condensed liquids moved 

to the intermediate chamber along the tapered vapor channel by capillary force, menisci were 

separated by triple-spike microstructures and flowed along the sidewalls of the spike structure, 

which allowed the liquid to be collected on the spike structure, as seen in first three sequential 

images in Fig. 5.11. The condensed liquids then dropped down to the liquid channels on the 

reservoir layer and were transported rapidly into the reservoir chamber, which completed the 

cooling cycle. Considering the nanowire-decorated coherent wick structure, the coolant was fed 

again to the evaporator surface by enhanced capillary force due to the nanowires. It was also 

noticeable that the starting position of condensation depended on the position of the heat sink, 

which was located underneath the TGP and maintained at room temperature. Therefore, the 

length scales of vapor/liquid channels or the heat sink will affect the cooling performance. 

For quantitative analysis of cooling performance, the temperature of the heater was 

continuously monitored using a thermocouple module during the operation of the TGP. In the 

experiment, the final feature of all silicon-based TGP (see Fig. 5.9) and water were used as a 

source of testing device and coolant, respectively. The temperature of the heater was kept  
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Figure 5.11 Transient phase-change of coolant in the evaporator site and movement of condensed liquid along vapor 

channels toward the intermediate chamber. The condensed liquids were collected on the triple-spike microstructures 

and continued to flow into the liquid channels in the reservoir layer. Time interval: 5 s; scale bar: 5 mm. 

 

 

constant at approximately 130°C. Figure 5.12 shows the temperature change of the micro 

ceramic heater during cooling by the TGP. The initial temperature rapidly dropped to 97°C 

within 75 sec after the heater was mounted on the evaporator site of the TGP because the heat 

initially spread through the silicon evaporator surface using conduction and was then transferred 

to liquid coolant underneath the evaporator surface. After this transient change of the 

temperature, the temperature was maintained at approximately 94‒97.5°C, resulting in the 

steady-state operation of the cooling performance by phase-change. Therefore, the TGP was able 

to successfully remove, by means of coolant phase-change, the high heat flux generated by the 

heater. To demonstrate the significant role of the TGP, the device was disassembled from the 

heater again after 3 min and 40 sec, as seen in Fig. 5.12. As a result, the heater temperature 

abruptly increased to the initial temperature, showing that the cooling performance was 

quantitatively verified by the experiment. As discussed earlier, the minimum temperature at 

steady-state may be much lower when device dimensions and hermetic sealing of the three layers 

are optimized to minimize coolant leakage during the operation.  
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Figure 5.12 Temperature change of the micro ceramic heater during cooling by the fabricated thermal ground plane 

device. The device was removed from the heater after 3 min and 40 sec to verify the cooling performance of the 

device. 
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Chapter 6 
 

Conclusions 

 

 
In this dissertation, a three-dimensional thermal ground plane was developed in response to 

the needs of high-power density electronics applications in which heat must be removed as close 

to the chip surface as possible. The novel design for this planar cooling device was proposed 

with three key innovations in the evaporator, wick, and reservoir layer to provide enhanced and 

reliable cooling performance without wick dryout and back flows. For the evaporator and 

reservoir layer, a combination of a tapered channel and a triple-spike microstructure was 

designed to break up the pinned meniscus at the end of the vapor and liquid channels. The 

overall microstructure had three spikes where the main liquid meniscus was separated by the 

middle spike and then continued to flow between the tapered walls of the middle and side spikes. 

After condensed liquids overflow into the intermediate chamber, these liquids fell down to the 

condenser section of the reservoir layer and then be transported again through the liquid channels 

to the reservoir chamber, which provided self-transporting liquids in channels when the hot chip 

was turned off, thus preparing the next cycle by collecting coolant in the reservoir chamber 

before the chip was turned on again. For the wick layer, a nanowire-integrated microporous 

silicon membrane was developed to overcome the wick dryout problem by driving the coolant 

out of the channels and spreading the coolant on top of the wick surface with the assistance of 

extended capillary action. This innovative design used nanowires to extend and enhance the 

capillary force, especially at the end of the pores where the coolant was pinned and not able to 

overflow out of the pores. The chronic dryout problem in micro cooling devices could be solved 

by these innovative designs. 

To analyze the proposed thermal-fluid system for desired handling of heat flux, fluid 

dynamic and phase-change models were used to calculate crucial properties, such as operating 

pressure, temperature, vapor-liquid interface radius of curvature at wick pore, and rate of bubble 

formation at the evaporator region. The microscale heat conduction theory derived from 

traditional Fourier’s law with classical size effect and various models from effective medium 

theory were used to calculate the thermal conductivities of nanowires and porous silicon wick in 

the cross-plane direction, respectively. The calculated thermal conductivities of zinc oxide 

showed good agreement with experimental data for bulk sample and the significant reduction as 

the size of the sample was reduced due to the phonon scattering effects. In the operating 

temperature of the device, zinc oxide nanowires showed approximately a two times lower 

thermal conductivity than silicon nanowires of the same dimensions, which provided critical 

parameters for thermal system analysis. With calculated thermal properties, the thermal 

resistance network analysis with thermodynamic cycles was performed to understand the thermal 

behavior in the developed device. The device was then demonstrated with microfabrication 

techniques, including photoelectrochemical etching to create coherent porous silicon, deep 

reactive-ion etching to form a thin wick membrane, and hydrothermal synthesis to grow 
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nanowires on top of the wick membrane. The fabrication processes were described in detail, 

layer by layer, using either a top-down or a bottom-up approach, which was also accompanied by 

scanning electron microscope images for characterization of the results. 

To demonstrate the cooling performance of the proposed device, the thermal conductivities 

of the silicon evaporator layer and porous silicon wick in the cross-plane direction, which were 

calculated theoretically from the kinetic theory and effective medium theory, were measured 

experimentally by the 3ω technique and compared with the theoretical results. The measured 

thermal conductivity of the porous silicon wick showed lower values than those of the bulk 

silicon showing good agreement with the theoretically estimated values and demonstrating the 

numerical heat transfer analysis of the overall thermal system. For the nanomaterial to extend 

and enhance the capillary force at the end of the pores, zinc oxide nanowires were synthesized 

using the vapor-liquid-solid mechanism (vapor phase approach) and hydrothermal mechanism 

(aqueous approach). The results of the nanowire-integrated porous silicon wick membrane from 

the two different synthesis methods were compared with respect to the total process time, 

operating temperature, and quality of nanowires. Wicking performance through the fabricated 

wick membrane and self-transporting condensed liquids along the microchannel with triple-spike 

microstructures were also verified with acquired data and captured images. These experimental 

data were compared with data from the numerical analysis and showed good agreement. Finally, 

the cooling efficiency and heat removal capability of the fabricated device were demonstrated 

with a micro ceramic heater, which provided a constant temperature of 130°C. The transient two-

phase flow in the evaporator channel and rapid decrease in the heater’s temperature were 

observed during the operation, which demonstrates the developed thermal ground plane was able 

to successfully remove the high heat flux generated from the hot source using phase-change of 

the coolant. 

Although the three silicon layers were tightly bonded by epoxy adhesive at room 

temperature to fabricate the final device, it was observed that the strength of the adhesive became 

weaker as the operating temperature increased, which also accelerated coolant loss to the 

atmosphere. For future research directions, the cooling performance of the thermal ground plane 

could be improved by optimum hermetic sealing of the three silicon layers to minimize coolant 

leakage during the operation. Furthermore, based on theoretical models, smaller wick pore radius 

(nanopores) and higher porosity may lead to enhanced capillary pressure across the wick 

membrane and thus extend the application of the thermal ground plane to harsh environments, 

such as high gravity conditions for avionics. However, because a depth of nanopores will be 

relatively shallower than that of micropores, and this thin thickness and higher porosity may 

reduce the mechanical strength of the porous silicon membrane, parametric investigations for 

pore size, porosity, and depth of the membrane will be needed for harsh environment 

applications. The length of the nanowires was not optimized in this study, the cooling efficiency 

and a feeding speed of coolant with respect to different length of the nanowires could be also 

investigated further. To demonstrate the merit of direct cooling underneath the chip’s substrate, 

high-performance microchips must be fabricated on the evaporator site directly using 

microfabrication techniques and tested operation by monitoring the chip temperature during 

cooling performance. This study shows the feasibility of reliable, continuous, and high-

performance micro cooling devices using enhanced capillary forces to address the increasing 

requirements of thermal management for chip-level electronics. 
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