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ABSTRACT OF THE THESIS 
 

Thermoelectric Cooling by Holey Silicon and the Role of Thermal conductivity Anisotropy 
 

By 
 

Zongqing Ren 
 

Master of Science in Engineering  
 

 University of California, Irvine, 2015 
 

Professor Jaeho Lee, Chair 
 
 
 

While thermal management of nanoscale electronics is becoming more challenging, recent 

advances in thermoelectric materials are renewing interest in developing solid-state 

cooling devices based on the Peltier effects. In particular, a thin silicon membrane with 

vertically-etched holes, which are known as holey silicon (HS), has attracted much 

attention by showing thermal conductivity reductions beyond the prediction of classical 

models. Furthermore, the thermal conductivity reduction has been achieved without losing 

the excellent electrical properties or other practical attributes of silicon. Despite the great 

potential of holey silicon as a thermoelectric material, which has been demonstrated in the 

previous fundamental studies in the literature, its impact on thermoelectric cooling 

applications or the connections of fundamental material properties to device-level cooling 

performance have not been studied in detail. Here, we evaluate the use of holey silicon as a 

thermoelectric cooling structure by combining analytical models predicting the size 

dependent transport properties with a finite-element thermoelectric device model. Our 

analysis demonstrates a great potential of holey silicon for cooling electronics and 

attributes the remarkable performance to the unique thermal conductivity anisotropy. 
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When the cross-plane and in-plane thermal conductivities of holey silicon are 

anisotropically modeled at 40 Wm-1K-1 and 2 Wm-1K-1, respectively, the cooling 

effectiveness of holey silicon is estimated 200% higher than that of nanostructured-silicon 

that is modeled isotropically at 2 Wm-1K-1 or even about 20% higher than that of bulk 

silicon that is modeled at 110 Wm-1K-1. These results are in contrast to the common 

perception of simply preferring high thermal conductivity materials for thermal 

management or low thermal conductivity materials for thermoelectric applications. This 

work presents the anisotropic holey silicon as an efficient thermoelectric material that can 

offer transformative solutions to thermal management of nanoscale electronics. 

 

 

 

 

 

 

 

 

 



1 
 

INTRODUCTION 

In 1965 Gordon E Moore, the co-founder of Intel Corporation qualified the growth of new 

technology in semiconductors in a neat formula.  Manufacturers, he said, have been 

doubling the density of compounds per integrated circuit at regular intervals, and they 

would continue to do so as far as the eye could see [1].   For the past 50 years, the on-going 

Moore’s law progression in semiconductor industry leads to continuous size shrinking and 

density increasing of transistors in processors resulted in high processor power density. As 

shown in Figure 1, the prediction of the International Technology Roadmap for 

Semiconductors (ITRS) shows a continuous decrease in transistor feature size along with a 

rise in transistor density [2]. In 2018, on a single microprocessor chip, the transistor size 

will decrease to 10 nm along with transistor density rise to 10 billion transistor/cm2 while 

the chip size still remains 260 mm2.  

 

Figure 1. The 2005 ITRS predictions of transistor size, chip size, transistor density for 

microprocessor chip [2]. 
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Along with the advance of chip performance, the chip power dissipation and heat flux are 

increasing as well. According to the International Electronics Manufacturing Initiative 

Technology Roadmap (iNEMI) [3], the maximum chip power is expected to be 360 W and 

the maximum chip heat flux to be 190 W/cm2 for high performance microprocessor chips 

by the end of 2018, as shown in Figure 2. 

 

Figure 2. The iNEMI prediction of chip power dissipation and heat flux for high 

performance microprocessor chips [3].  

 

Moreover, advances in device miniaturization and design complexity have led to great non-

uniformity of on-chip power dissipation. Microprocessors have an average background 

heat flux about 10 ~ 50 W/cm2, and the maximum heat flux can be several times higher 

than background heat flux, even of the order of 1 KW/cm2 [4]. The great non-uniformity of 

on-chip power distribution results in a large chip temperature gradient and localized 

hotspots.  The specific high heat flux regions on the chip can reach high temperatures than 
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surrounding areas and degrade the chip performance and system reliability [5]. The 

thermal design of microprocessors must ensure that all the junctions on chips must below 

an application-driven maximum temperature, typically in the range of 90 ~ 110 oC. It is 

often the hotspots, not the entire chip, decide the type of thermal management. If the 

hotspots can be localized cooled, a 200% speed gain can be achieved in some CMOS 

microprocessors [6].  Due to the technology complexity of localized on-chip cooling, the 

temperature reduction of on-chip hotspots has become one of the most significant 

challenges in the design of high performance microprocessors. 

 

Objective and Outline of Research 

The purpose of this study is to develop a novel on-chip thermoelectric cooling solution 

using holey silicon as substrate. Specific studies of this thesis include: (1) investigating the 

physical properties of holey silicon as thermoelectric material. (2) building a finite-element 

thermoelectric on-chip cooling model. (3) using holey silicon chip as substrate to test its 

thermoelectric on-chip cooling performance. (4) defining the role of thermal conductivity 

anisotropy in thermoelectric cooling. (5) demonstrating the influence of micro-cooler size, 

holey silicon chip thickness, holey silicon chip size on thermoelectric cooling performance. 

The thesis is organized as follow: 

 Chapter 1 identifies the existing studies of thermal management of hotpots with a 

literature review on both passive cooling and active cooling.  

Chapter 2 lists state-of-art thermoelectric materials.  

Chapter 3 investigates physical properties of holey silicon 

Chapter 4 presents the finite-element model of holey silicon thermoelectric on-chip cooling. 
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Chapter 5 details the role of thermal conductivity anisotropy in the application of 

thermoelectric on-chip cooling. 

Chapter 6 investigates the influence of micro-cooler size, holey silicon chip thickness, holey 

silicon chip size on the performance of thermoelectric cooling. 

Chapter 7 summarizes the conclusions presented in the thesis and the scope of future work 
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CHAPTER 1: LITERATURE STUDY OF HOTSPOT COOLING SOLUTION 

The thermal management of hotpots can be divided into two strategies: passive cooling and 

active cooling. In this chapter, the current study of passive cooling and active cooling are 

discussed in detail. 

1.1 Passive Cooling Solution 

Passive cooling solutions require no external power supply but mainly reply on the heat 

dissipation through high thermal conductivity materials. Heat conduction in solid thin films 

influence the performance of transistors. Many of the devices are made through 

conventional bulk material processing technologies with metals, polysilicon or oxides 

deposit on the relative thick substrate. Nowadays, a number of new thin film materials are 

applied to the devices because they offer enhanced thermal properties [7].  Diamond is an 

ideal material for passive cooling applications due to its high thermal conductivity of any 

known materials in nature. It is reported that a high pressure synthesis produces 

polycrystalline diamond with thermal conductivity of 700 Wm-1K-1 in large quantities and 

can be molded into various shapes at a reasonable price [8]. The fabrication of diamond 

thin film on silicon substrate is a relative mature technology. Figure 3 shows an example of 

diamond thin film on the aluminum metallization layer of a silicon chip. 
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Figure 3. Diamond thin film deposited on aluminum metallization in a silicon substrate 

using a microwave plasma technology [7]. 

 

However, the thermal contact resistance at the interface between silicon 

substrate/diamond thin film and metallization layer/diamond thin film may impede the 

cooling performance. 

1.2 Active Cooling Solution 

Active cooling solutions usually require input energy to operate. The most common active 

cooling solution is air-cooled heat sink. Figure 4 is a typical fan-cooled heat sink on a 

personal computer. 

 

Figure 4. A fan-cooled heat sink on a personal computer [9]. 

 

However, this method has limited ability of dealing with high heat fluxes. Advanced liquid 

cooling solutions can be used to meet the high heat flux requirements as well as provide 

thermal management in future electronics.   In 1981, Tuckerman and Pease presented the 

removal of 790 W/cm2 heat flux by using single-phase liquid convection with water as 

coolant in silicon microchannels [10]. Ever since then, there have been numerous 
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experimental and theoretical studies performed in the area of microchannels in heat 

transfer area. Figure 5 shows the Scanning Electron Microscopy (SEM) pictures of different 

microchannels considered in the experiment [11].  

 

Figure 5. SEM photographs of cross-section of three different microchannels. 

 

Bowers et al. demonstrated a heat flux removal of more than 200 W/cm2 could be achieved 

using two-phase microchannels [12]. Mudawar et al. showed two-phase forced convective 

cooling on an enhanced surface could remove 361 W/cm2 heat flux with FC-72 as the 

dielectric coolant [13].  However, huge temperature and pressure fluctuation, poor flow 

distribution, large weight and volume can be major challenges to successful commercial 

applications of these techniques [11].  
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1.3 Thermoelectric Effect and Thermoelectric Cooling 

In recent years, solid-state thermoelectric coolers for high heat flux thermal management 

have attract increased interest because their compact structure, high reliability, fast cooling 

ability and localized hotspot cooling capability. Thermoelectric effect refers to the 

phenomena that a temperature difference can create electrical potential or an electrical 

potential can create temperature difference. Thermoelectric effect can be known more 

specifically as Peltier effect, Seebeck effect and Thomson effect. When two semiconductor 

materials are joined together and a DC current flows through their interface, heat will be 

generated or absorbed at the junction at a constant rate which is proportional to the 

current flown through the junction. This effect is known as Peltier effect. When two 

semiconductor materials are contacted with each other at two junctions and there is a 

temperature difference between the two junctions, an electrical potential will be detected 

from the open circuit. This effect is called Seebeck effect. Peltier effect and Seebeck effect 

are shown in Figure 6(a) and 6(b), respectively. Thomson effect refers to the electrical 

potential generated by the temperature difference at two sides of a single material.  

 

                                                                 (a)                                     (b) 

Figure 6. (a) Peltier effect. (b) Seebeck effect. 
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The mechanism of thermoelectric effect is illustrated below. When current flows through a 

semiconductor material between two pieces of metal from left to right, the direction of 

electron movement is opposite to that of current, which is from right to left. As the 

electrons want to flow into the metal conductor on the left, more energy is needed to 

overcome an energy barrier. At this time, electrodes will absorb energy from the 

surrounding metal lattice on the right in order to get enough energy to get through the 

metal-semiconductor junction and it creates Peltier cooling. On the other hand, when the 

electrons which have high energy reach to the metal on the left, the excess energy carried 

by the electrons need to be released to the metal lattice and it creates Peltier heating. The 

mechanism of Peltier effect can be applied to Seebeck effect as well. Electrons on the hot 

junction tend to diffuse to the cold junction since the electrodes on the hot side have higher 

energy and move faster. Once the electrons from the hot side flow to the cold side, a voltage 

difference between hot side and cold side can be detected in open circuit.  

A typical thermoelectric cooler based on the Peltier effect and consists of N- and P-type 

thermoelectric elements is shown in Figure 7.  When the DC current goes through the N-

type and P-type thermoelectric elements orderly, there is a heating or cooling junction at 

the interface between thermoelectric elements and electrical interconnect. The cooling and 

heating junction is decided by the direction of current flow. By attaching the cooling 

junction to the microprocessor, the heat could be removed from the microprocessor to 

heating junction.   
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Figure 7. Schematic diagram of a thermoelectric cooler.  

 

The efficiency of thermoelectric cooling system is related to a dimension less figure of 

merit given by: 

ZT =  
𝑆2𝑇𝜎

𝜅
                                                                                                                                                   (1) 

Which depends on the Seebeck coefficient S, thermal conductivity  and electrical 

conductivity .  The traditional thermoelectric coolers are fabricated using bulk bismuth 

telluride materials with maximum cooling heat flux of 5~10 W/cm2 at room temperature, 

which makes it impossible to be used in high flux hotspot cooling [14]. However, the 

significant features of thermoelectric coolers, such as no moving parts, small size and 

weight, ability to cool below ambient temperature and convenient power supply 

sometimes make them the only solution to difficult thermal management problems. Recent 
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attempts of research have been focused on designing microscale thermoelectric coolers or 

exploring new materials that have higher figure of merit. 

1.3.1 Mini-Contact Enhanced TEC. 

In mini-contact enhanced thermoelectric cooler (TEC). A minicontact pad is used to 

connect the TEC and the silicon chip leading to a concentrated thermoelectric cooling 

power on a smaller area on the top of silicon chip [15][16]. The structure of mini-contact 

enhanced TEC is shown in Figure 8.  

 

Figure 8. Schematic of minicontact enhanced TEC for hotspot remediation. 

 

Experiments showed that for the case of no power dissipation on the silicon chip, if the 

minicontact is the same size as TEC base, the measured maximum hotspot temperature 

reduction is 3.3 oC. However, if a smaller minicontact is integrated onto the TEC, the 

maximum hotspot temperature reduction can reach to 7.1 oC, which results in 115% 

improvement on hotspot cooling performance. However, the optimum geometry of 

minicontact enhanced TEC for different sizes silicon chips are different due to the effect of 
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heat concentrating/spreading resistance inside the pad and silicon chips. Also, the high 

thermal contact resistance between silicon chip and minicontact pad is fairly high, limiting 

the cooling performance of mini-contact enhanced TEC.  

1.3.2 Superlattice Thermoelectric On-chip Cooling. 

Bi2Te3/Sn2Te3, PbSeTe/PbTe and SiGe/Si superlattice materials have been studied for over 

20 years due to the unique low thermal conductivity and high figure of merit ZT. Fan et al. 

showed that by using molecular beam epitaxy (MBE), the SiGeC/Si superlattice structure 

can grow on silicon substrate as thermoelectric micro-cooler (Figure 9). Temperature 

reduction of silicon chip as 2.8 K and 6.9 K were measured at 25oC and 100 oC, respectively, 

equaling to maximum hotspot cooling power densities on the order of 1000 W/cm2 [17].  

 

Figure 9. Cross sectional electron microscopy image of the MBE grown SiGeC/Si 

superlattice cooler sample. The top is silicon cap, middle is 2 μm superlattice and bottom is 

silicon substrate. 

 

Chowdhury et al. demonstrated that the integration of nanostructured Bi2Te3-based thin 

film suoperlattice into electronic packages can lead to a localized cooling as high as 15 oC 

on a silicon chip with a high (1300 W/cm2) heat flux [18] (Figure 10). 
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Figure 10. Cross-section of the electric test package with the thermoelectric cooler attached 

to the underside of the integrated heat spreader. The inset shows the thermoelectric device 

structure with superlattice material sandwiched between metal contact pads on either side.   

 

1.3.3 Silicon Based Thermoelectric On-chip Cooling. 

Superlattice based thermoelectric micro-coolers have compact structure and high heat flux 

cooling capability, however, the thermal contact resistance between silicon chip and 

superlattice micro-cooler is significant and may substantially degrade the hotspot cooling 

efficiency [19]. Wang et al. reported a model that used silicon chip itself as thermoelectric 

cooler to suppress the hotspot temperature [19]. As shown in Figure 11, the chip size is 

12000 μm, the silicon chip thickness is in the range of 100 to 500 μm, the hotspot size is 70 

μm × 70 μm with 680 W/cm2 heat flux, and background heat flux is 70 W/cm2. Their 

simulation showed that under the optimized condition, the temperature rise engendered 

by the hotspot could be significantly suppressed, showing a promise of using silicon as 

micro-cooler for thermoelectric on-chip cooling. 
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Figure 11. Silicon thermoelectric micro-cooler for on-chip hotspot cooling (the red arrows 

indicate the direction of electric current) 

 

1.4 Conclusion 

In this chapter, passive and active cooling solutions of thermal management of silicon chips 

are introduced. The basic of thermoelectric effect and on-chip thermoelectric cooling 

solutions are discussed in detail.   
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CHAPTER 2: THERMOELECTRIC MATERIALS  

As discussed in last chapter, the efficiency of thermoelectric material is defined as figure of 

merit ZT. For thermoelectric cooling application, the thermoelectric material is expected to 

have high Seebeck coefficient, electrical conductivity and low thermal conductivity. 

Insulators usually have very low electrical conductivity while metals have relative low 

Seebeck coefficient and high thermal conductivity. Up to now, the widely used 

thermoelectric materials are high doped semiconductors. In semiconductor, the thermal 

conductivity is dominated by phonon, it is possible to suppress the thermal conductivity 

without causing too much reduction in electrical conductivity because the difference of 

electron and phonon transport. A common approach to reduce the thermal conductivity is 

through introducing more phonon scattering in semiconductors such as alloying or doping 

[20]. Ettenberg et al. reported by using SbI3 or Te and SBI3 as a compensator highest ZT of 

1.14 can be achieved at 300 K for p-type (Bi0.25Sb0.75)2(Te0.97Se0.03)3 alloy [21]. Ma et al. 

demonstrated that by ball milling alloyed bulk crystalline ingots into nanopowders and hot 

pressing them, a peak ZT about 1.3 in temperature range of 75 and 100 oC could be 

achieved in nanostructured bulk bismuth antimony telluride [22].  

Besides alloying, other methods have been proposed to enhance ZT by either reducing 

thermal conductivity or increasing electrical conductivity. In recent years, low dimensional 

materials such as superlattice materials, quantum nanowires, quantum nanomesh offer 

new ways to achieve higher ZT.    

2.1  Thin Film and Superlattice Materials 

Superlattice materials consist of alternating thin layers of different materials stacked 

periodically. The lattice mismatch and electronic potential differences at the interfaces lead 
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to phonon and electron interface scattering and ban structure modifications resulting in 

the reduction of thermal conductivity and increase in electrical conductivity [23]. Quantum 

well systems take advantage of low-dimensional character to enhance the electronic 

properties of a given material, by using Bi2Te3 in a quantum-well structure, the ZT can be 

increased by a factor of 13 compare to bulk material [24]. Also, there have been reported 

PbSeTe-based quantum dot superlattice structures grown by molecular beam epitaxy 

yielding ZT ~ 1. 3 -1.6 [25].  Recent years, several groups reported enhanced ZT values in 

various superlattice materials such as Bi2Te3/Sb2Te3 and Bi2Te3/Bi2Se3 and PbSeTe/PbTe 

quantum dot superlattices (Figure 12) [23]. 

 

Figure 12. ZT for Bi2Te3/Sb2Te3 and Bi2Te3/Bi2Se3 superlattice and PbSeTe/PbTe quantum 

dot superlattices for a wide range of temperature. 

 

2.2  Silicon Based Thermoelectric Materials 
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As mentioned above, nanostructured thermoelectric materials (Bi, Te, Pb, Sb and Ag) can 

have ZT > 1, however, those materials are not often easily to be scaled into large-scale and 

fabrication process of synthetic nanostructures is even more difficult and expensive. On the 

other hand, Silicon, the most abundant and widely used semiconductor material, has large 

industrial infrastructure for large-scale and low-cost processing [26]. But the high thermal 

conductivity of bulk silicon (150 Wm-1K-1) limits its figure of merit yielding ZT ~ 0.017 at 

room temperature [27]. Many attempts have been tried to increase the figure of merit of 

Silicon. Boukai et al. reported efficient thermoelectric performance of single-component 

silicon nanowire with cross-sectional areas of 10 nm  20 nm and 20 nm  20 nm (Figure 

13). By varying the nanowire size and doping concentration, 100-fold improvement of ZT 

over bulk silicon can be achieved over a wide range of temperature, including ZT ~ 1 at 200 

K [28].  

 

Figure 13. High resolution image of an array of 20 nm wide silicon nanowire with Pt 

electrode. 
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Hochbaum et al. reported the electrochemical synthesis of large-area, wafer-scale arrays of 

rough Si nanowire that are 20-300 nm in diameter with Seebeck coefficient and electrical 

conductivity the same as doped bulk silicon [27]. For silicon nanowires with 50 nm 

diameter exhibit thermal conductivity close to the amorphous limit for Si, yielding ZT ~ 0.6 

at room temperature. The wafer-scale arrays of Si nanowires were synthesized by an 

aqueous electroless etching (EE) method which is based on the Ag+  Ag0 reduction 

triggered galvanic displacement of Si [29] [30] [31]. As shown in Figure 14, the EE 

synthesized silicon nanowires were vertically aligned on the wafer surface.  

 

Figure 14. A cross-sectional SEM of an EE Si nanowire array. The scale bar is 10 m.  

 

Although the silicon nanowires show promise as high-performance thermoelectric 

materials, the weak mechanical properties limit their application in thermoelectric cooling. 

In 2015, Tang et al. reported a nanostructured silicon, holey silicon, that exhibits extremely 

low thermal conductivity while maintaining sufficient mechanical and electrical properties 
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with ZT 20 times higher than bulk silicon at room temperature [32]. The large scale holey 

silicon is fabricated by deep reaction ion etching (DRIE) of silicon-on-insulator substrate 

covered by thin chromium masks templated by either nanosphere lithography or block 

copolymer assembly. Both methods yield uniform 55, 140, or 350 nm pitch holey silicon 

with 35% porosity (Figure 15).  

            

                (a)                                                                       (b) 

Figure 15. (a) The geometry of holey silicon, p is pitch size and n is neck size. (b) The SEM 

image of 55 nm pitch size, 35% porosity holey silicon ribbon.  

 

2.3  Conclusion 

In this chapter, the traditional thermoelectric materials are introduced, recent 

developments in new thermoelectric materials such as superlattice and nanostructured 

silicon are discussed as well. Holey silicon, with good mechanical strength and 

reproducibly low thermal conductivity and sufficient electrical quality makes it a good 

candidate for thermoelectric on-chip cooling.  
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CHAPTER 3: PHYSICAL PROPERTIES OF HOLEY SILICON 

As discussed in chapter 2, silicon has been considered for thermoelectric cooling because it 

is abundant in nature and fabrication techniques are well-developed. But for bulk silicon, 

due to its high thermal conductivity (150 Wm-1K-1 at 300 K), the figure of merit ZT is only 

0.017 at room temperature [26]. This promoted the development of holey silicon, with a 

neck/pitch size of adjacent holes equaling to 20/55 nm and membrane thickness of 100 nm, 

the in-plane thermal conductivity of holey silicon membrane can be reduced to 1.73 Wm-

1K-1 [32]. 

3.1 In-plane Thermal Conductivity of Holey Silicon 

For in-plane thermal conductivity of holey silicon, the significant reduction of thermal 

conductivity can be attributed to a “necking effect” [32], illustrated by the Monte Carlo (MC) 

simulation of Hao et al. [33], where phonons with mean free path (MFP) longer than the 

neck size can be trapped behind the holes, creating a localized negative temperature 

gradient. While recent experiments demonstrate the in-plane thermal conductivity of 100 

nm thick holey silicon membrane [32] [34], there is no complete data set with micron 

meter scale thickness, which is commonly used in on-chip thermoelectric cooling. Several 

theoretical studies have been reported to predict the in-plane thermal conductivity of holey 

silicon [33] [35]. But the predicted values are much higher than the experimental data.  

Here, we found a simple gray model [36] [37] that can match with the experimental data. 

The thermal conductivity scaling with gray model can be expressed as: 

𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 =  𝑘∞ (1 +
𝜆∞

𝑁𝑒𝑐𝑘 𝑠𝑖𝑧𝑒
2⁄

)

−1

                                                                                                 (2) 
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where k∞ and λ∞ are the thermal conductivity and phonon mean free path of holey silicon 

with infinite neck size, in other words, silicon thin film. As shown in Figure 17(a), for 100 

nm thick membrane, using 60 Wm-1K-1 as thermal conductivity of silicon thin film and 200 

nm as phonon MFP[36][37], the gray model matches well with experimental data. For 100 

μm thick silicon film, the thermal conductivity at room temperature is 150 Wm-1K-1 and 

phonon MFP is 300 nm referring to theoretical predictions [36] and thin film experiments 

[37]. The gray model shows that for holey silicon with neck/pitch size of 20/55 nm and 

100 μm thickness, the thermal conductivity is around 5 Wm-1K-1.  

For in-plane thermal conductivity, phonon transport is mostly bounded by the neck size, 

we assume the experimental data of 100 nm thick holey silicon as lower bound and 

theoretical prediction of gray model as upper bound for following simulation. 

3.2 Cross-plane Thermal Conductivity of Holey Silicon 

For the cross-plane direction, the thermal conductivity scales linearly with thickness even 

though the neck size is as narrow as 20 nm [38]. The length dependent thermal 

conductivity in holey silicon has been investigated by many theoretical studies. Gray model 

is also applicable for cross-plane thermal conductivity. The cross-plane thermal 

conductivity can be expressed as: 

𝑘𝑐𝑟𝑜𝑠𝑠−𝑝𝑙𝑎𝑛𝑒 =  𝑘∞(1 +
𝜆∞

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
2⁄

)−1                                                                                                              (3) 

where k∞ and λ∞ are the thermal conductivity and phonon mean free path of infinitely long 

system which can be treated as silicon nanowire with infinity length [38]. The average 

mean free path that best matches the data for silicon thin film [39] and VLS silicon 

nanowires [40] is reported as 200 ~ 300 nm. Using the average mean free path of 200 nm, 
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the cross-plane thermal conductivity of infinity long holey silicon converges to 20 Wm-1K-1, 

which closely matches the reported data of silicon nanowires [41]. 

While the gray scaling model captures the holey silicon data with average mean free path, a 

spectral scaling model that emphasizes the frequency dependent MFP is developed [42], 

[43], [44]. The spectral scaling model can be expressed as [38]: 

𝜅𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 = ∫ 𝜅∞(𝜔) (1 +
𝜆∞

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
2

)

−1

𝑑𝜔                                                                                                                  (4) 
𝜔𝐷

0

 

The thermal conductivity of infinitely long silicon nanowire can be calculated by Landauer 

formalism developed by Murphy et al. [45], Chen et al. [46] as: 

𝜅∞(𝜔) =  
𝐿

𝐴

𝑘𝐵

2𝜋
 ∫ (

𝑁1

1 + 𝐿/ 𝑙
 +

𝑁2

1 + 𝐿/𝑑
 ) 

𝑋2exp (𝑋)

(exp(𝑋) − 1)2
𝑑𝜔

𝜔𝐷

0

                                                                                        (5) 

where L is the length, A is cross-section area of silicon nanowire, d is the neck size, l is the 

frequency dependent mean free path, which is calculated as: 

𝑙−1 = 𝑙𝑂
−1 + 𝑙𝑈

−1 +  𝑙𝐷
−1                                                                                                                                (6) 

Where the lO is the frequency dependent mean free path due to the lateral boundary 

scattering, it can be expressed as: 

𝑙𝑂(𝜔) =  (4𝐵𝑙

ℎ2

𝑑3
(

𝜔

𝜔𝐷
)

2

+ 𝐴𝑙𝐵𝑙

ℎ2

𝑎2𝑑
(

𝜔

𝑤𝐷
)

4

)−1                                                                                   (7) 

For the lateral boundary scattered mean free path lO, Al and Bl are dimensionless constants 

used as fitting parameters. We used Al = 1.2 and Bl = 0.2 to fit the measured data of holey 

silicon. h is surface roughness of holey silicon, which is assumed to be 1.5 nm based on the 

observation made in TEM analysis. d is the equivalent diameter of holey silicon. For 20/55 

nm neck/pitch size, the equivalent diameter is assumed to be 40 nm (Figure 16). a is lattice 

spacing and ωD is the debye cutoff frequency. 
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Figure 16. Equivalent diameter of holey silicon. 

 

lU is the frequency dependent mean free path of Umklapp scattering, it can be expressed as: 

𝑙𝑈 =
𝑣

𝐴𝑈𝑇𝜔2𝑒−
𝐵𝑈
𝑇

                                                                                                                                        (8) 

Where, v is group velocity which is around 6400 m/s. AU = 1.4×10-19 s/K and BU = 152 K are 

fitting parameters obtained from bulk silicon. 

lD is the mean free path of phonon-defect scattering, it can be expressed as: 

𝑙𝐷 =
𝑣

𝐷𝜔4
                                                                                                                                                       (9) 

D mainly depends on the defects concentration and has been determined as 1.32×10-45 s3 . 

N1 is the number of modes with mean free path l and N2 is the number of modes with mean 

free path limited to d (diameter). N1 and N2 are determined by N, which is the total number 

of models at a given frequency.  

𝑁 = 4 + 𝐴𝑙 (
𝑑

𝑎
)

2

(
𝜔

𝜔𝐷
)                                                                                                                            (10) 

N1 and N2 can be calculated as N1 = N(min(ω, v/h)), N2 = N – N1, respectively. 
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 X = hω/(2πkBT), where kB is Boltzmann constant. The spectral scaling model predicts the 

thermal conductivity in the infinity approaches to 40 Wm-1K-1. This is because the 

Landauer model accounts for long-wave length phonons that are specularly scattering with 

lateral boundaries. Since the cross-plane thermal conductivity of holey silicon is mostly 

bounded by the thickness. We assume the thermal conductivity converged by gray model 

as lower bound and spectral scaling model as upper bound for following simulation.  

 

                                                                                       (a) 

 

(b) 
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Figure 17. (a) Neck size dependent thermal conductivity of holey silicon with different 

thickness at room temperature. (b) Length dependent thermal conductivity of holey silicon 

with 20 nm neck size at room temperature.  

 

The intrinsic thermal conductivity of holey silicon with 20 nm neck size and 100 μm 

thickness at room temperature is assumed to be {2~5, 2~5, 20~40} Wm-1K-1 as discussed 

above. For most of the on-chip thermoelectric cooling applications, the operation 

temperature is around 100 oC. According to experiments [31], [34], the temperature-

dependent thermal conductivity of holey silicon was dramatically reduced, holey silicon 

with smaller neck size results in a flatter temperature dependency. In our simulation, the 

thermal conductivity of holey silicon at room temperature is used for thermal conductivity 

under 100 oC operation temperature. 

3.3 Electrical Properties of Holey Silicon 

The electron mean free path in highly doped silicon (~ 2×1019 cm-3, optimal for 

thermoelectric applications) is 1 ~ 10 nm, which is smaller than the holey silicon neck size, 

there should be no analogous necking effects on electrical properties. Therefore, the 

intrinsic electrical properties of highly doped holey silicon are the same as highly doped 

bulk silicon [31], [34]. According to previous research [47], [48], under 100 oC operation 

temperature, the maximum power factor can be achieved when the doping concentration 

of boron-doped silicon reaches at 2.5×1019 cm-3. At this doping concentration the intrinsic 

electrical conductivity of holey silicon is 2.53×104 S/m and Seebeck coefficient is around 

440×10-6 V/K. In simulation, the effective thermal conductivity and electrical conductivity 
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of holey silicon are modified considering the influence of porosity. The Seebeck coefficient 

is defined as ΔV/ΔT, which is not affected by the porosity [31][34]. 

3.4 Conclusion 

In this chapter, we discussed the thermal and electrical properties of holey silicon in micro 

meter scale thickness. Under 100 OC operation temperature, the in-plane and cross-plane 

thermal conductivity of holey silicon is assumed to be 2~5 Wm-1K-1 and 20~40 Wm-1K-1. 

The electrical conductivity is 2.53×104 S/m and Seebeck coefficient is 440×10-6 V/K in 

2.5×1019 cm-3 boron doping concentration.  
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CHAPTER 4: THERMOELECTRIC COOLING CONCEPT AND MODELING 

4.1 Holey Silicon Thermoelectric Cooling Model 

The structure of holey silicon thermoelectric on-chip cooling system is illustrated in Figure 

18. The metal contact is integrated onto the holey silicon chip developed as thermoelectric 

micro-cooler. At the periphery of holey silicon chip, ground electrodes are deposited to 

conduct electric current.  The holey silicon chip is doped with Boron, it is P-type 

semiconductor. The cooling system is activated by electric current entering the metal 

contact, flowing laterally through the holey silicon chip, and exiting at the ground 

electrodes. For N-type holey silicon, the current needs to be applied at ground electrodes 

and leases at the metal contact. 

 

Fig. 18. Holey silicon thermoelectric micro-cooler for on-chip hotspot cooling. Red arrows 

indicate the direction of electric current. Pink arrows indicate the direction of heat flow. 
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Peltier cooling happens when electrons go through the interface between low Seebeck 

coefficient material and high Seebeck coefficient material. Since the metal contact has 

lower Seebeck coefficient, there will be Peltier cooling happening at the interface between 

the metal contact and holey silicon chip. The flow of positive holes serves to transport the 

absorbed heat away from the interface of metal contact and holey silicon chip and dissipate 

it at secondary interface where electric current goes from high Seebeck coefficient material 

(holey silicon chip) to low Seebeck coefficient material (ground electrodes). Due to the 

temperature reduction at metal contact, there will be heat flow from hotspot to metal 

contact. Joule heating caused by the electric resistance of materials and electric contact 

interfaces along with the efficiency of heat transferring from the hotspot to metal contact 

limit the thermoelectric cooling performance. 

The overall Peliter cooling at the interface of micro-cooler and holey silicon chip can be 

represented as: 

𝑞𝑃𝑒𝑙𝑡𝑖𝑒𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = (𝑆𝑚𝑒𝑡𝑎𝑙 − 𝑆ℎ𝑜𝑙𝑒𝑦 𝑠𝑖𝑙𝑖𝑐𝑜𝑛 )𝑇𝐼                                                                                                                          (11) 

Where the Smetal is the Seebeck coefficient of metal contact and Sholey silicon is the Seebeck 

coefficient of holey silicon, T is the absolute temperature at the interface between metal 

contact and holey silicon and I is applied current. The Peltier heating at the junction 

between holey silicon chip and ground electrodes interface is opposite of Peltier cooling. 

In addition to the Joule heating inside the holey silicon chip, the Joule heating at the 

interface of metal and silicon is also considered. It could be represented as: 

𝑞𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =  𝐼2𝑅𝑐𝑜𝑛𝑡 =  𝐼2𝜌𝑐/𝐴𝑐𝑜𝑛𝑡                                                                                                                                             (12) 

Rcont is the electric contact resistance, Acont is the cross-section of contact area, and ρc is the 

electric contact resistance at the interface. Previous research revealed that the electric 
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contact resistance between metal and highly doped silicon is in the range between 1×10-11 

and 1×10-10 Ωm2 [32], [49], [50], with which the parasitic effect from electric contact 

resistance can be neglected. In this paper, the electric contact resistivity of 1×10-10 Ωm2 is 

assumed to explore the self-cooling potential of holey silicon chip. By the metal-on-silicon 

fabrication techniques, the thermal contact resistance between metal contact and holey 

silicon chip could be negligible [19]. 

The model of this study is holey silicon thermoelectric cooling system with chip size 

ranging from 1 mm to 12 mm and thickness ranging from 20 μm to 200 μm. The size of 

micro-cooler is ranging from 70 μm to 1000 μm. Details of the electronic structure 

including transistors, gates, and capacitors are simplified in this model and their heat 

generation is represented as a uniform 70W/cm2 background heating and a 70 μm × 70 μm, 

680 W/cm2 hotspot located on the front of holey silicon chip. The back of the holey silicon 

chip undergoes an effective heat transfer coefficient of 8700 Wm-2K-1 heat convection in 

reference to an ambient temperature of 25 oC, along with the localized thermoelectric 

cooling flux and thermoelectric heating flux at the interface between micro-cooler/holey 

silicon chip and holey silicon chip/ground electrodes, respectively. The heat transfer 

coefficient, 8700 Wm2K-1 represents the effective cooling capability achieved by air cooled 

heat sink, heat spreader, and thermal interface materials used for typical electronic 

packages [19].  

4.2 Finite Element Model of Holey Silicon On-Chip Cooling System 

Commercial finite element analysis software COMSOL Muliphysics [51] is used in this paper. 

The front view and back view of FEM model are shown in Figure 19. 
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(a)                                                                                 (b) 

Figure 19. (a) The front view of holey silicon thermoelectric on-chip cooling system, in the 

middle is hotspot. (b) The back view of holey silicon thermoelectric on-chip cooling model, 

in the middle is micro-cooler, in the border of the chip are 4 electrodes. 

 

In the front of computer chip, we applied 680 W/cm2 heat flux on the surface of hotspot 

and 70 W/cm2 heat flux on the whole chip. In the back of computer chip, current is applied 

on the surface of micro-cooler and a cooling flux is applied to the interface of micro-cooler 

and holey silicon chip to represent the Peliter cooling effect, the value of cooling flux is 

calculated by equation 11. Heating flux is applied to the interface of electrodes and holey 

silicon chip with same value as Peliter cooling flux. Convective cooling flux is applied to the 

whole area with a coefficient of 8700 Wm-2K-1 and environment temperature as 298.15 K.  

The mesh elements are densely located around the hotspot where the largest temperature 

gradient is expected to happen. Mesh density in the holey silicon chip around the metal 

contact is also large to capture the thermal and electrical spreading effects (Figure 20 (a) 

and (b)).  
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(a)                                                                                                (b) 

Figure 20. (a) front and (b) back view of holey silicon chip after mesh. 

4.3 Thermoelectric Cooling Metrics 

In order to characterize the performance of holey silicon thermoelectric cooling system and 

its success in suppressing hotspot temperature, two distinct cooling metrics are defined as 

follow [19]. 

ΔT: It is the temperature difference anywhere in the studied domain due to thermoelectric 

cooling on the holey silicon chip. This metric characterizes the intrinsic thermoelectric 

cooling performance of the micro-cooler. For hotspot, it is calculated as: 

∆𝑇ℎ𝑠 =  𝑇ℎ𝑠 𝑜𝑛,𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑛 − 𝑇ℎ𝑠 𝑜𝑓𝑓,𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑓𝑓                                                                                                                               (13) 

Ths on,cooler on is hotspot temperature when the hotspot heat flux is on and the micro-cooler is 

working. Ths off, cooler off  represents the hotspot temperature when the hotspot heat flux is on 

but the micro-cooler is not working. 

ΔT*: This is temperature cooling effectiveness. It is represented as the ratio of the 

temperature reduction at the hotpot due to thermoelectric cooling and the temperature 

rise due to the localized hotspot heat flux. This metric quantifies the hotspot thermoelectric 

cooling performance. It is defined as follow: 
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∆𝑇 ∗ =  
𝑇ℎ𝑠 𝑜𝑛,   𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑓𝑓 − 𝑇ℎ𝑠 𝑜𝑛,   𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑛

𝑇ℎ𝑠 𝑜𝑛,   𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑓𝑓 − 𝑇ℎ𝑠 𝑜𝑓𝑓,   𝑐𝑜𝑜𝑙𝑒𝑟 𝑜𝑛

                                                                                                                        (14) 

ΔT* = 1 means the temperature rise engendered by the hotspot can be completely removed 

by the thermoelectric micro-cooler. If T* = 0 means the micro-cooler is totally ineffective. If 

0 < ΔT* < 1, means that the micro-cooler could partial reduce the hotspot temperature. If 

the ΔT > 1, the micro-cooler is capable of overcooling the hotspot relative to the base 

temperature of the holey silicon chip. 

4.4 Conclusion 

In this chapter, we built a finite-element model of holey silicon thermoelectric cooling. The 

convective cooling caused by the air cooled heat sink, the heating caused by the hotpot heat 

flux and background heat flux from transistors are considered. The electrical resistance 

along the contact interface and inside the holey silicon are also considered. The 

temperature cooling effectiveness that can be used to characterize the temperature cooling 

performance of different thermoelectric cooling system is also presented. 
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CHAPTER 5: ANISOTROPIC THERMAL CONDUCTIVITY EFFECT 

Temperature cooling effectiveness is strongly dependent on the thermal conductivity of 

holey silicon.  

5.1 The Role of In-plane Thermal Conductivity 

In-plane thermal conductivity of substrate chip plays two important roles in thermoelectric 

cooling. First, the Peltier cooling occurs at the interface between metal contact and holey 

silicon chip. The figure of merit ZT has an inverse relationship with the in-plane thermal 

conductivity of holey silicon. Second, high in-plane thermal conductivity benefits heat 

transfer from the peripheral side of holey silicon chip to micro-cooler, leading to an 

increase in micro-cooler temperature further decreasing the temperature cooling 

effectiveness. It can be seen from Figure 21(a) that as the in-plane thermal conductivity 

increasing, the temperature cooling effectiveness decreasing. 

5.2 The Role of Cross-plane Thermal Conductivity 

For cross-plane thermal conductivity, as shown in Figure 21(b), with the increasing of 

cross-plane thermal conductivity, the temperature cooling effectiveness increases. It’s 

obvious that higher cross-plane thermal conductivity reduces the thermal resistance 

between hotspot and micro-cooler. This benefits heat transfer from hotspot to micro-cooler 

and reduces the temperature difference between them. 

For holey silicon thermoelectric cooling, lower in-plane thermal conductivity provides 

necessary temperature gradient for Peltier effects, higher cross-plane thermal conductivity 

benefits heat dissipate from hotspot to micro-cooler. For following discussion about holey 

silicon thermoelectric on-chip cooling, the in-plane thermal conductivity of holey silicon is 

set to be 5 Wm-1K-1 and the cross-plane thermal conductivity of holey silicon is set to be 40 
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Wm-1K-1, which are all based on the theoretical models as upper bound for micron scale 

thick holey silicon.  

 

 

(a) 

 

(b) 

Figure 21. The temperature cooling effectiveness change with different (a) in-plane 

thermal conductivity and (b) cross-plane thermal conductivity. The micro-cooler size is 

400 μm × 400 μm, the chip size is 1.2 mm, and the thickness of holey silicon chip is 150 μm. 
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The geometry is chosen because it yields highest temperature cooling effectiveness of holey 

silicon. The blue shades represent the thermal conductivity range of holey silicon. The red 

dot is the temperature cooling effectiveness of bulk silicon under same condition [19].  

 

5.3 Comparison of Temperature Contour of Holey Silicon and Bulk Silicon On-chip 

Cooling 

In session 5.2, it’s proved that holey silicon with unique low in-plane thermal conductivity 

and high cross-plane thermal conductivity has better performance than bulk silicon with 

high isotropic thermal conductivity. In this session, the temperature contours of both holey 

silicon and bulk silicon on-chip cooling system are compared. In the finite element 

simulation, the chip size is 12000 µm, the micro-cooler size is 400 µm and chip thickness is 

150 µm. Figure 22 shows the temperature contour of holey silicon on-chip cooling system.  

  

(a)                                                                                    (b) 

Figure 22. Temperature contour of (a) front of the chip and (b) back of the chip. 
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From Figure 22, it is easy to find that the micro-cooler and hotspot have lower temperature 

because of the Peliter cooling flux. The temperature at electrodes is higher because of the 

Peliter heating flux. Compare to the temperature contour of bulk silicon in Figure 23, the 

average temperature of bulk silicon chip is lower because the low in-plane thermal 

resistance of bulk silicon chip. As result, the heat at lateral side of bulk silicon chip would 

be easily transferred to micro-cooler and increase the micro-cooler temperature.  

  

Figure 23. The temperature contour of bulk silicon on-chip cooling system. (a) Front view, 

(b) Back view. 

  

5.4 Conclusion 

In this chapter, the role of thermal conductivity anisotropy is discussed. For the application 

in thermoelectric cooling, low in-plane thermal conductivity is preferred to set up the 

necessary temperature gradient for Peltier effect and high thermal conductivity is 

preferred to dissipate heat from hotspot to micro-cooler.  
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CHAPTER 6: EVALUATION OF MICRO-COOLER SIZE, CHIP THICKNESS, 

CHIP SIZE EFFECTS ON THERMOELECTRIC COOLING 

6.1 Micro-cooler size effect 

Micro-cooler size has a significant effect on the temperature reduction at the hotspot. As 

shown in Figure 24, in the Comsol simulation, the micro-cooler size is changed from 70 μm 

× 70 μm to 1000 μm × 1000 μm.  As shown in Figure 25 that larger micro-cooler requires 

larger current to achieve the best cooling performance. As micro-cooler size increases from 

70 μm × 70 μm to 1000 μm × 1000 μm, the temperature cooling effectiveness increases, 

reaching its highest value at 400 μm × 400 μm and further increasing in micro-cooler size 

yields a lower temperature cooling effectiveness. 

  

(a)                                                                                  (b) 

Figure 24. The geometry of holey silicon on-chip cooling system with (a) 70 μm micro-

cooler and (b) 1000 μm micro-cooler. 
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Figure 25. The temperature cooling effectiveness changes with different micro-cooler sizes. 

The Chip thickness is 150 μm., chip size is 12000 μm. Inside the legend is micro-cooler size.  

 

It should be noted that there is a balance between the beneficial effect of the thermoelectric 

cooling at the interface between micro-cooler/holey silicon and Joule heating due to the 

current flow. Two factors need to be considered for the micro-cooler size effect, the 

thermoelectric cooling at the interface between micro-cooler and holey silicon, the Joule 

heating inside the holey silicon and the interface between micro-cooler and holey silicon. 

For small micro-coolers, high electrical current density results in more intense local cooling 

flux, but also higher Joule heating density. For large micro-coolers, the Joule heating density 

is reduced. However, they need higher current to activate and generate more Joule heating 

inside holey silicon chip. The two effects compete with each other, yielding the highest 

temperature cooling effectiveness when the micro-cooler size is 400 μm × 400 μm. 
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6.2 Holey silicon chip thickness effect 

In order to evaluate the influence of holey silicon chip thickness, in FEM simulation, the 

thickness of holey silicon chip is changed from 20 to 200 μm, as shown in Figure26. 

       

(a)                                                                             (b) 

Figure 26. The geometry of holey silicon chip on-chip cooling system with (a) 20 μm 

thickness (b) 200 μm thickness. 

 

The influence of holey silicon chip thickness on thermoelectric cooling is illustrated in 

Figure 27. With the increasing of holey silicon chip thickness from 20 μm to 200 μm, the 

temperature cooling effectiveness first increases, reaching highest value at 150 μm thick 

and then decreases. The holey silicon chip plays multiple roles in the thermoelectric 

cooling. It transfers the electric current from micro-cooler to ground electrodes. It 

functions as a thermal conductor to transfer heat from hotspot to micro-cooler. Peltier 

effects and Joule heating also happen at the interface of holey silicon/metal contact and 

inside holey silicon chip. As the holey silicon chip becomes thinner, the thermal resistance 

between the hotspot and micro-cooler decreases, resulting in a smaller temperature 

difference between hotspot and micro-cooler. However, due to the small heat spreading 
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effect in thinner chips, the temperature rise engendered by the hotspot would also increase. 

These two trends compete with each other yielding the maximum cooling effectiveness at 

150 μm thick. 

 

Figure 27. Temperature cooling effectiveness changes with different micro-cooler sizes and 

chip thickness. The chip size is 12000 μm. Inside the legend is chip thickness. 

 

6.3 Holey silicon chip size effect 

Apart from chip thickness, chip size effect should also be considered due to the shrinking 

chip size of future electronics. To evaluate the influence of holey silicon chip size, in FEM 

simulation, the chip size is changed from 12000 μm to 1000 μm. 
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(a)                                                                                      (b) 

Figure 28. The geometry of holey silicon on-chip cooling system with (a) 12000 μm and (b) 

1000 μm chip size. The micro-cooler size is 400 μm and the chip thickness is 150 μm. 

 

As seen from Figure 29, for bulk silicon chip with thermal conductivity of 110 Wm-1K-1, the 

temperature cooling effectiveness starts to decline with the decreasing of chip size and it 

reaches to almost 0 when the chip size is around 1000 μm. However, for holey silicon chip, 

the temperature cooling effectiveness remains constant until the chip size is smaller than 

2000 μm. In the simulation, the micro-cooler size is fixed at 400 μm, therefore, the electric 

current to achieve best cooling performance of micro-cooler changes slightly with different 

chip sizes. With the decreasing chip size, Joule heating inside the silicon chip would be 

concentrated. Since bulk silicon has high isotropic thermal conductivity, Joule heating 

generated inside the bulk silicon chip transfers to Peltier cooling junction and decreases 

the temperature cooling effectiveness. However, for holey silicon, the in-plane thermal 

conductivity is highly suppressed, thermal resistance between micro-cooler and lateral 

side of holey silicon chip is higher. Joule heating generated inside holey silicon chip would 

be impeded to transfer to the Peltier cooling junction, resulting in a stable temperature 
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cooling effectiveness until the chip size is smaller than 2000 μm. Simulation of silicon with 

isotropic thermal conductivity of 2 Wm-1K-1 and 4 Wm-1K-1 are also shown in Figure 22. For 

4 Wm-1K-1, the temperature cooling effectiveness starts to decline when the chip size is 

smaller than 6000 μm, and for 2 Wm-1K-1, the temperature cooling effectiveness starts to 

decline when the chip size is smaller than 2000 μm. It proves that the in-plane thermal 

conductivity is a dominating factor for chip size effect. The smaller in-plane thermal 

conductivity could impede the lateral heat transfer of Joule heating inside the holey silicon 

chip and helps to remain a constant temperature cooling effectiveness.   

 

Figure 29. Comparison of temperature cooling effectiveness of holey silicon and bulk 

silicon with different chip sizes. The micro-cooler size is 400 μm × 400 μm, the chip 

thickness is 150 μm. Inside the legend is the anisotropic thermal conductivity of holey 

silicon as {kx, ky, kz} [Wm-1K-1], and isotropic thermal conductivity of silicon as k [Wm-1K-1]. 
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6.4  Conclusion 

In this chapter, the influence of micro-cooler size, holey silicon chip thickness and holey 

silicon chip size on thermoelectric cooling are evaluated. The temperature rises 

engendered by the hotspot can be partially removed, completely suppressed or even over-

cooled depending on the different micro-cooler sizes and holey silicon chip thickness. For 

thermoelectric cooling of different chip sizes, the low in-plane thermal conductivity of 

holey silicon can achieve small decline in temperature cooling effectiveness while the 

temperature cooling effectiveness of bulk silicon with high isotropic thermal conductivity 

decreases dramatically as the decreasing of chip size. 
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CHAPTER 7: CONCLUSION AND FUTURE WORKS 

The holey silicon with anisotropic thermal conductivities can lead to outstanding 

thermoelectric cooling perforamnce. Thermoelectric cooling solutions based on 

conventional materials such as bulk silicon or isotropic materials are limited by the low 

figure of merit. In this thesis, a novel thermoelectric on-chip cooling solution based on 

holey silicon substrate has been proposed. 3D finite-element simulation is used to 

demonstrate the thermoelectric cooling ability of holey silicon chip for high heat flux 

hotspot. The effects of anisotropic thermal conductivity, micro-cooler size, holey silicon 

chip thickness and chip size on cooling performance are examined. Our study shows that 

rather than pursuing materials with very high or low thermal conductivity, the anisotropic 

thermal conductivity of holey silicon is uniquely applicable for lateral thermoelectric 

cooling devices because the low in-plane thermal conductivity sets up the necessary 

temperature gradients and the high cross-plane thermal conductivity dissipates the heat 

efficiently from the hotspot. Moreover, the high aspect ratio of cross-plane/in-plane 

thermal conductivity of holey silicon makes it even more favorable in thermal management 

of shrinking electronics in the future.  

There are some limitations of this thesis and further study can be done in future. 1) The 

spectral scaling model used to predicate the cross-plane thermal conductivity of holey 

silicon is actually thickness dependent. For simplification, we assumed a constant value 

cross-plane thermal conductivity of 40 Wm-1K-1 to evaluate the influence of holey silicon 

chip thickness on temperature cooling effectiveness. The thickness dependent cross-plane 

thermal conductivity should be considered for precise evaluation. 2) The hotspot size and 

hotspot heat flux used in the thesis is 70 × 70 μm and 680 W/cm2, respectively. A wide 
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range of hotspot sizes and hotspot heat flux should be evaluated in order to provide cooling 

solutions for various computer chips. 3) The micro-cooler sizes, holey silicon chip thickness 

and holey silicon chip size used in this thesis are bounded to some specific dimensions. A 

dimensionless evaluation of different parameters should be considered to provide a 

general thermoelectric cooling solution for different computer chip geometries.    
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