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 While the state-of-the-art commercial microelectronic device has achieved a technology 

node as small as 5nm and even below 5nm, most conventional thermal management techniques 

are limited to the macroscale level. The serious self-heating effect in micro- and nano-scale 

transistors necessitates the development of advanced cooling techniques to address the 

increasingly demanding yet delicate thermal management challenges. In this thesis, we present a 

novel lateral thermoelectric cooler based on holey silicon that enables dynamic thermal 

management in microelectronic systems. This holey silicon-based lateral TEC exhibits exceptional 

TEC cooling performance and is compatible with the conventional microfabrication process, 

allowing for direct integration into chip architecture and creating an all-in-one package system. 

 In the subsequent chapters, a comprehensive investigation of the transistor-TEC system is 

conducted through 2D and 3D simulations using the COMSOL Multiphysics platform. The power 

transistor (LDMOS) is considered as the cooling object to explore the feasibility of utilizing holey 

silicon-based lateral TECs for dynamic thermal management in both spatial and temporal domains. 
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Initially, a parametric study under steady-state conditions examines the influence of various 

geometrical parameters, boundary conditions, and material properties on TEC cooling 

performance. Subsequently, a transient TEC analysis investigates its cooling capabilities when 

employing transient TEC current pulses for managing constant heat fluxes and transient heat 

pulses. Finally, a comparative study of three different array designs is performed to evaluate their 

effectiveness in achieving efficient spatial thermal management. In summary, this thesis 

demonstrates significant advancements in holey silicon-based lateral TECs' cooling performance 

while showcasing their potential for dynamic thermal management in space and time. 

Additionally, it provides valuable insights into optimizing the TEC design and lays the foundation 

for future fabrication and experimental endeavors. 
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Chapter 1  

Introduction 

1.1 Microprocessor Development and its Thermal Management Challenges 

 Over the past five decades, Moore’s law has been held as an empirical law in the 

semiconductor industry. Moore’s law posits that the number of transistors on microprocessors 

doubles every two years, which becomes the industrial guide of feature size reduction and 

performance improvements in semiconductor devices [1]. Recently in May 2023, Apple released 

its top-end desktop CPU, M2 Ultra, which incorporates 134 billion transistors in a chip using 

TSMC 5nm fabrication process [2], again, claiming the successful extension of Moore’s law. 

However, the relentless miniaturization of transistors and the continued growth in their density 

have brought about significant thermal management challenges in microprocessors, as power 

dissipation caused by the self-heating effect is inevitable in transistors.  

 Power dissipation, for many years, has been the primary design constraint for 

microelectronic systems. In microprocessors, the dominant power dissipation can be attributed to 

dynamic power, which is given by [3]:   

 𝑃 = 𝐶𝑉2𝐴𝑓 (1) 

Here, P is the power dissipation, C is the aggregate load capacitance, V is the supply voltage, A is 

the activity factor and f is the operating frequency. Although supply voltage has shown significant 
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reduction through transistor scaling, the high operating frequency acts as the major factor for 

excessive power dissipation. Such high power dissipation within limited chip space generates local 

hotspots, resulting in excessive chip temperature.  

 Figure 1-1 shows the trend of microprocessors over 52 years. Until 2023, although the 

transistor count still follows the exponential growth line, the frequency and power dissipation have 

reached a bottleneck on the orders of 1 GHz and 100 W.  

 

1.2 Self-heating Effect in Transistors 

 Transistors are the basic components in microprocessors and, more generally, integrated 

circuits (ICs). For most digital and some analog applications, metal-oxide-semiconductor field-

effect transistors (MOSFETs) have become the major option due to their lower power consumption 

and high input impedance. Despite minimal current flowing through MOSFETs, intense current 

 

Figure 1-1. Microprocessors trend data in 52 years (1971-2023). Data of 1971-2021adapted 

from [73]. 
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field still exists in the channel region near the drain terminal, creating local “hotspots” with power 

density generally on the order of 0.1 kW/cm2 to 1 kW/cm2 [4], [5]. For certain applications with 

power MOSFETs (e.g., laterally diffused metal-oxide-semiconductor, LDMOS), the hotspot 

power density can reach 10 kW/cm2  [6]. High power density in hotspot together with low thermal 

conductance components (e.g., buried oxide layer) can result in rapid temperature rise up to 

hundreds of kelvins within a few microseconds (as shown in Figure 1-2) [5]. Such high temperature 

can change the transistor electrical characteristics, such as threshold voltage, leakage current and 

breakdown voltage, which have a negative impact on device reliability. Besides, prolonged 

exposure to high temperature causes hot-carrier injection (HCI), which can lead to deterioration in 

transistor performance and lifetime [7], [8]. Furthermore, once the transistor temperature reaches 

 

Figure 1-2. Self-heating effect in SOI power transistors. Bottom image adapted from [6]. 

Right image adapted from [5] ). 
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the critical point (can be around 340 – 520 °C [9]), the device becomes thermally unstable as drain 

current increases with temperature due to a positive temperature coefficient. This leads to 

irreversible thermal runaway, resulting in permanent device failure and thus determining the safe 

operating area (SOA) [9], [10]. 

 

1.3 Overview of Conventional Cooling Methods for Microelectronic Devices 

 Nowadays, the power density in high-performance microelectronic devices has achieved 

100W/cm2. Increased power density and high power dissipation call for the development of 

cooling technologies in microprocessors. For many years, forced air cooling has been the most 

popular option in ICs because of its good compatibility, high reliability and low costs [11]. Great 

efforts have been devoted to the design optimization of air-cooling components such as heat sink, 

thermal interface, heat spreader and fan. However, due to the nature of poor thermal properties of 

air, the cooling capabilities of air cooling cannot be significantly improved. Sain et al. predicted 

that air cooling has the limit of only 37 W/cm2 in heat removal capacity when optimal geometries 

are employed [12]. Xu et al. showed that air cooling can only handle a maximum allowable CPU 

power of only 340 W although ideal situations, including air flow, power distribution, package 

materials and configurations, are considered [13].  

Compared to air cooling, liquid cooling has demonstrated greater cooling potential [14]. 

Liquid coolants (e.g., water) have much higher thermal conductivity, density and heat capacity 

compared to air, which make them desirable to be efficient heat exchange media. Heat removal 

capability of up to 170 W/cm2 can be achieved using the state-of-the-art liquid cooling design with 

the implementation of microchannels [15]. On the other hand, two-phase cooling, which takes 
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advantage of large latent heat during the liquid-vapor phase change process, shows additional 

advantages over liquid cooling and has recently become the research of interest [16]. Two-phase 

cooling to address a chip power of 2.9 kW and surface heat fluxes up to 910 W/cm2 was 

successfully performed by Drummond et al [17]. However, both liquid and two-phase cooling 

methods have their own set of challenges, including complexity, risk of leaks and high 

maintenance cost. 

In addition to the active cooling methods mentioned above, researchers have explored other 

passive cooling methods such as phase change materials (PCMs) [18] and thermal interface 

materials (TIMs) [19]. Those cooling methods, while promising, are primarily used in conjunction 

with active cooling methods, which cannot significantly enhance cooling performance. 

 

Figure 1-3. Category of conventional cooling methods . 
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1.4 Fundamentals of Thermoelectric Cooling 

 Compared to conventional cooling methods, thermoelectric cooling (i.e., Peltier cooling) 

is a novel active cooling method in microelectronic systems due to its high cooling power [20], 

solid-state operation [21] and scalability [22]. The principle behind the Peltier effect is that when 

electrons move from a material with lower energy level to a material with higher energy level, they 

absorb heat from the surroundings and induce cooling. As a result, Peltier cooling is an active 

cooling method happening near the metal-semiconductor junction, which can address the local 

hotspot issues in ICs.  

In steady state, the cooling power of a 1-D thermoelectric cooler (TEC) with both p-type 

and n-type legs (as shown in Figure 1-4) is given by [23]:  

 
𝑞𝐶 = (𝑆𝑝 −𝑆𝑛)𝐼𝑇1 −𝐾(𝑇2 − 𝑇1) −

𝐼2𝑅

2
 (1) 

 

Figure 1-4. Schematic of a thermoelectric cooler system. Figure adapted from [74]. 
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where 𝑞𝐶 is steady-state cooling power, 𝑆𝑝 is the Seebeck coefficient of the p-type leg, 𝑆𝑛 is the 

Seebeck coefficient of the n-type leg, 𝑇1 is absolute temperature at the cold end (heat source), 𝑇2  

is absolute temperature at the hot end (heat sink), 𝐼 is TEC current, 𝐾 is thermal conductance, and 

𝑅 is electrical resistance. During the Peltier cooling event, the active heat flux (∝ 𝐼) overcomes 

Fourier heat conduction and the concomitant Joule effect (∝𝐼2). Therefore, a trade-off in 𝐼 exists 

which results in a particular TEC current/voltage to provide the greatest cooling power, which can 

be expressed by [23]:  

 
𝐼𝑞 =

(𝛼𝑝 − 𝛼𝑛)𝑇1
𝑅

 (2) 

 
(𝑞𝐶)MAX =

(𝛼𝑝 − 𝛼𝑛)
2
𝑇1
2

2𝑅
− 𝐾(𝑇2 − 𝑇1) (3) 

In TECs with efficient heat sink, the cold end temperature, 𝑇1 , can be considered constant. 

Therefore, the temperature difference between hot end and cold end can be written as: 

 
𝑇2 −𝑇1 =

(𝛼𝑝 − 𝛼𝑛)
2
𝑇1
2

2𝑅𝐾
−
𝑞𝑐
𝐾

 (4) 

In practical applications, one should consider thermal contact resistance, 𝑅𝑡ℎ. Therefore, equation 

(4) should be modified as [24]–[26]: 

 
𝑇2 − 𝑇1 =

(𝛼𝑝 −𝛼𝑛)
2
𝑇1
2

2𝑅𝐾
− 𝑞𝑐 (

1

𝐾
+𝑅𝑡ℎ) − 𝑅𝑡ℎ𝐼𝑉 −

𝑅

2𝐾
𝐼2 (4*) 

Apparently, the maximum temperature difference (𝑇2 −𝑇1)MAX can be obtained only when  𝑞𝑐 =

0. In literature, such (𝑇2 − 𝑇1)MAX is often used to evaluate the cooling performance of a specific 

TEC device. 
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 While steady-state studies have contributed to optimizing the TEC performance, many 

studies have put their focus on the transient behavior of the Peltier effect [20], [27]–[30]. In 

contrast to steady-state Peltier cooling, transient Peltier cooling exhibits spatial and temporal 

mismatches between the Peltier effect and concomitant Joule effect. Specifically, Peltier cooling 

occurs at the cooler junction simultaneously with TEC activation, whereas volumetric Joule 

heating takes place throughout the TEC with a delayed response due to heat diffusion. Figure 1-5 

demonstrates that by combining an optimal steady-state TEC current with a transient TEC current 

pulse, one can achieve more pronounced transient cooling despite a delayed temperature 

overshoot. This phenomenon is referred to as supercooling effect and can be utilized for addressing 

sudden power dissipation and transient thermal shock. 

 

Figure 1-5. TEC supercooling effect 
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1.5 Development of Thermoelectric Coolers in Microelectronic Systems 

 Due to the local cooling effect, TECs are highly desirable for cooling specific hotspot 

regions (typically less than 500 µm × 500 µm) on a die. Over the past two decades, a lot of efforts 

have been made in developing thermoelectric coolers (TECs) suitable for microelectronic systems. 

Figure 1-6 depicts several featured TEC designs and the corresponding studies: back in 2005, Prof. 

Shakouri’s group experimentally demonstrated a Si/SiGe superlattice TEC that has 6.9 K 

temperature reduction at 100°C [31]. In 2007, Prof. Bar-Cohen’s team developed an analytical 

model for silicon-based on-chip thermoelectric microcoolers [32], which utilized the most 

common material in semiconductor industry, single crystal silicon, to address high hotspot heat 

 

Figure 1-6. Development of thermoelectric coolers. Figures adapted from [31]–[37]. 
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flux. In 2009, Prof. Prasher’s group for the first time examined the cooling performance of a Bi2Te3 

superlattice-based thin-film TEC integrated into a contemporary electronic package. 15 K cooling 

was observed at the hotspot region with a high heat flux of about 1300W/cm2 [33]. In 2018, Su et 

al. demonstrated a free-standing SiGe-based planar thin-film TEC [34], [35]. In this paper, the 

SiGe thin films were growth by LPCVD on top of a sacrificial SiO2 layer. After SiO2 removal 

using RIE, suspended SiGe thin films were created, which can effectively prevent parasitic heat 

loss. In 2020, Nie et al. showed the numerical simulation and structural optimization of  multi-

stage planar TECs [36]. By optimizing the leg thickness, stage number as well as the p-n pair 

number, one can realize a maximum temperature reduction of 8.2K.  Recently in 2022, Zhang et 

al. demonstrated a TEC array using graphene-based sponges as the thermoelectric material [37]. 

After mixing graphene with PDMS, those sponges possess high Seebeck coefficient, high elasticity 

as well as excellent mechanical stability. 

Among those TECs, the material selection and device performance are two major 

considerations. Only those materials which combine high ZT and good compatibility with the 

conventional microfabrication process are desirable for thermoelectric microcoolers. On the other 

hand, the device performance can be enhanced by lowering thermal contact resistance and 

minimizing parasitic heat loss. Moreover,  those TECs should allow easy fabrication using macro- 

and micro- fabrication processes.  
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1.7 Vertical TEC vs. Lateral (planar) TEC 

Despite many ways to distinguish different TECs, one way is based on the orientation of 

the active heat flux. The vertical designs, which generates cooling flux in the vertical direction, 

are the most commonly applied in literature. Typical vertical TECs include thin-film 

thermoelectric coolers (TFTECs), which take advantage of nanostructured superlattices such as 

Bi2Te3/Sb2Te3, PbSeTe/PbTe, and SiGe/Si [24], [38], [39]. However, vertical TECs have several 

major drawbacks. Firstly, relatively large thermal contact resistance exists in vertical direction due 

to thin film deposition, leading to degradation of cooling performance. Secondly, due to the 

configuration constraints, the vertical TEC is placed on the opposite side of the substrate with a 

distance of 100 – 300 µm between the cooler and the cooling object [40], [41], resulting in 

substantial parasitic heat loss and insignificant cooling performance. This situation worsens for 

SOI devices as their BOX layer with low thermal conductivity is detrimental to vertical heat 

dissipation. Lastly, many transistor and transistor-based array systems experience dynamic change 

in heating conditions based on different working environments and operating conditions, yet many 

vertical TECs assume a fixed hotspot location and steady-state heating conditions, which cannot 

provide on-demand temperature control [42].  
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On the other hand, lateral designs redistribute heat laterally, which takes advantage of the 

sustained temperature gradient and the non-uniformity of power density in lateral direction. 

Besides, due to the absence of intermediate substrate, the lateral TEC minimizes the distance 

between the cooler and the cooling object, thus resulting in less parasitic loss and more significant 

cooling performance. Figure 1-9 provides three possible TEC designs based on different 

configurations and orientations of active heat flux. 

 

 

 

 

 

 

Figure 1-7. Holey silicon-based TECs in vertical and lateral configurations. The concept of 

vertical design is adapted from [51]. 
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1.8 Holey Silicon as a Promising Thermoelectric Material 

 For thermoelectric materials, the thermoelectric efficiency can be defined by the 

thermoelectric figure of merit, ZT, which is given by: 

 
𝑍𝑇 =

𝑆2𝜎

𝑘
𝑇 (5) 

where S is the Seebeck coefficient, σ is electrical conductivity, k is thermal conductivity and T is 

absolute temperature. While great improvements in ZT has been achieved through nano-

structuring [43] and controlled doping [44], most predominant thermoelectric materials (e.g., 

Bi2Te3) are based on complex materials [45], which are difficult to fabricate using conventional 

microfabrication processes and thus not suitable for microelectronic devices.  

Holey silicon, on the other hand, is one of the few promising thermoelectric materials that 

offer both high thermoelectric efficiency (maximum theoretical ZT ~ 0.47 at room temperature 

[46]) and excellent compatibility with the bipolar-CMOS-DMOS (BCD) technology. As shown in 

Figure 1-8, the holey silicon is a nanostructured silicon with arrays of nanoscale vertical holes, 

which can be readily created using conventional lithography and deep reactive ion etching (DRIE) 

techniques. This special morphology of holey silicon effectively enhances lateral phonon 

scattering, leading to a significant reduction in in-plane thermal conductivity. Experimental results  

and analytical models [46]–[50] have demonstrated that the holey silicon thin film, possessing 

optimal neck size and porosity, can achieve low in-plane thermal conductivity of 1 – 10 W/m·K 
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at room temperature. Moreover, due to its relatively short electron mean free path, holey silicon 

can retain high electrical conductivity and Seebeck coefficient from bulk silicon. 

  

 

Figure 1-8. Holey silicon nanostructures with (top) 20nm neck size and 200 nm thickness and 

(bottom) 2µm neck size and 30 µm thickness. Top two figures adapted from [48]. 
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1.9 Research Goals and Objectives 

 The goal of this thesis is to develop a holey silicon-based lateral thermoelectric cooler 

system that provides efficient dynamic cooling for transistors. We choose the planar power 

transistor (i.e., LDMOS) as our cooling object due to its high power dissipation and the 

vulnerability to thermal failure (i.e., thermal runaway). By optimizing the TEC design, we try to 

extend the allowable power of the power transistor. Steady-state and transient simulations using 

AC/DC and heat transfer modules in COMSOL Multiphysics are performed to evaluate and 

optimize the cooling performance of the transistor-TEC system.  

 The following objectives are achieved to fulfill the goals: 

1. Design and modelling of the holey silicon-based lateral TEC and its transistor-TEC 

system 

2. Steady-state study of the transistor-TEC system, with the optimization in geometrical 

parameters, material properties and boundary conditions. 

3. Transient study of the transistor-TEC system, with the investigation in different current 

amplitudes, locations, durations, and pulse shapes. 

4. Preliminary study of the transistor-TEC array 
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Chapter 2  

Basic Model Setup 

2.1 Device Configuration  

2.1.1 Transistor configurations 

  When designing a TEC for microelectronic systems, the first step is to define the cooling 

object. Our research of interest lies in the planar power transistors (i.e., laterally diffused metal-

oxide-semiconductors, LDMOSs), as they dissipate a large amount of heat in a wide range of 

applications such as 5G wireless infrastructure, satellite communications and radar systems. 

Nevertheless, even a specific transistor type like an LDMOS can have thousands of configurations 

and dimensions based on the actual applications, which makes it difficult to develop a general TEC 

design. To address this issue, we weaken the concept of the LDMOS configuration and only 

consider the cooling object as a p-type single crystal silicon block without detailed components 

such as gate, source and drain. Following this, we extract the essential hotspot features (e.g., 

location and dimensions) in an LDMOS transistor as they are crucial in heat transfer analysis. 

Generally, the hotspot is located beneath the gate electrode near the drain terminal within the 

channel region of an LDMOS transistor. For simplicity, we assume that this hotspot is positioned 

at the center of the transistor in xy-plane and a few micrometers below its top surface. Figure 2-1 

depicts the transformation from a specific LDMOS into a generalized model implemented in this 
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study. In the following chapters, more detailed information of the geometrical dimensions will be 

discussed.  

2.1.2 TEC configurations 

 Previous vertical TEC designs have encountered several issues such as large contact 

resistance and insufficient cooling. In contrast, a lateral TEC design may show greater promise in 

cooling microelectronic devices. Fabricated by conventional lithography and deep reactive ion 

etching (DRIE) techniques using silicon wafers, holey silicon contains vertical nanoscale holes, 

resulting in enhanced lateral phonon scattering and reduced in-plane thermal conductivity. The 

special morphology of holey silicon makes it desirable to become a lateral TEC. Figure 2-2 shows 

the schematic of a transistor-TEC system using the holey silicon-based lateral TEC. Only one half 

of the device is shown due to symmetry. The holey silicon-based lateral TEC comprises three 

components: the Peltier heater, the p-type holey silicon region and the Peltier cooler. Such 

horizontal alignment of the TEC allows for direct contact between the cooler and the transistor, 

enabling more efficient heat removal compared to the conventional vertical TEC designs.  

 

Figure 2-1. Transformation from a specific LDMOS device to a generalized model. 
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When the TEC is ON, positive current goes through the p-type holey silicon region from 

the Peltier cooler, resulting in temperature reduction at the metal-semiconductor junction and its 

adjacent LDMOS. Such current is then terminated at the Peltier heater, which is situated far away 

from the LDMOS, leading to a simultaneous temperature rise. During the Peltier effect, the active 

heat flow (∝ 𝐼) shares the same direction with the TEC current (from right to left), while the 

Fourier heat flow is in the opposite direction (from left to right).  

 

2.2 Material Selection and Their Properties 

2.2.1 Thermal conductivity of holey silicon    

Compared to bulk silicon, holey silicon exhibits a reduction in thermal conductivity due to 

the enhancement of phonon scattering. Furthermore, it demonstrates anisotropy between cross-

plane and in-plane thermal conductivity, which is supported by both experimental investigations 

and theoretical analyses. According to the spectral scaling model, the cross-plane thermal 

 

Figure 2-2. Schematic of a transistor-TEC system using lateral holey silicon-based TEC (only 

one half of the device is shown due to symmetry). 
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conductivity in holey silicon is influenced by the neck size (n) and holey silicon thickness (t), 

which is given by [51]: 

 
𝑘𝑧 = ∫ 𝑘𝑧,∞(𝜔, 𝑛)  × (1 +

𝜆𝑧,∞(𝜔, 𝑛)

0.5𝑡
)

−1

𝑑𝜔
𝜔𝐷

0

 (6) 

where 𝜔  stands for the phonon frequency, 𝜔𝐷  is the Debye cut-off frequency, 𝑘𝑧,∞(𝜔,𝑛)  and 

𝜆𝑧,∞(𝜔, 𝑛) represents the thermal conductivity and the phonon MFP of the corresponding silicon 

nanowire. The last two variables can be further derived by the following Landauer formalism [52]: 

 

𝑘𝑧,∞ =
2𝐿

𝜋2𝑑ⅇ𝑓𝑓
2
∫ (

𝑁1(𝜔)

1 +
𝐿

𝜆1(𝜔)

+
𝑁2(𝜔)

1 +
𝐿
𝑑ⅇ𝑓𝑓

)

∞

0

ℎ2(𝜔)

𝑘𝐵𝑇
2

×
exp(ℏ𝜔 ∕ 𝑘𝐵𝑇)

(exp(ℏ𝜔 ∕ 𝑘𝐵𝑇) − 1)
2
𝑑𝜔 

(7) 

where 𝑇 denotes the temperature, 𝐿 is the length and 𝑑ⅇ𝑓𝑓  stands for the characteristic diameter 

that represents an equivalent cross-sectional area of a nanowire. For holey silicon, 𝑑ⅇ𝑓𝑓 =

√√3
𝜋
𝑝2 −

(𝑝−𝑛)2

2
, where  𝑝  is the pitch size and 𝑛  is the neck size. 𝜆1(𝜔)  is the frequency 

dependent MFP which can be written as 𝜆1(𝜔) = 4𝜋
2 × (4𝐵

ℏ2  

𝑑𝑒𝑓𝑓
3 (

𝜔

𝜔𝐷
)
2

+𝐴𝐵
ℏ2

𝑎𝑙
2𝑑𝑒𝑓𝑓

(
𝜔

𝜔𝐷
)
4
)
−1

, 

where 𝑎l is the lattice spacing,  𝐴 and 𝐵 represent the dimensionless fitting parameters. Finally, 

the  𝜆𝑧,∞(𝜔,𝑛)  can be obtained by combining the scattering coefficients including lateral boundary 

scattering (𝜆𝐵(𝜔)), Umklapp scattering (𝜆𝑈(𝜔)) and point-defect scattering (𝜆𝐷(𝜔)): 

 𝜆𝑧,∞(𝜔,𝑛) = (𝜆𝐵(𝜔)
−1 + 𝜆𝑈(𝜔)

−1 + 𝜆𝐷(𝜔)
−1)−1 (8) 

 Likewise, the in-plane thermal conductivity of holey silicon can be predicted using the 

spectral scaling model, given by [51]: 
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𝑘𝑥 = ∫ 𝑘𝑥,∞(𝜔,𝑛)  × (1 +

𝜆𝑥,∞(𝜔, 𝑡)

0.5𝑛
)

−1

𝑑𝜔
𝜔𝐷

0

 (9) 

where 𝑘𝑥,∞(𝜔, 𝑛)  is the in-plane thermal conductivity of the silicon thin film, which can be 

obtained by the Holland model [53]: 

 

𝑘𝑥,∞ =
1

3
∑ 𝜈𝑗

2∫ 𝐶𝑉,𝑗(𝑥𝜔 ,𝑇)[𝜏𝑗(𝑥𝜔 ,𝑇, 𝑡) × 𝐹(𝛿)]𝑑𝑥𝜔

𝜃𝑗
𝑇

0𝑗

 (10) 

The subscript 𝑗 denotes the transverse and longitudinal phonon modes, 𝑣𝑗 is the group velocity, 

𝑥𝜔 = ℎ𝜔/𝑘𝐵𝑇 is the non-dimensional phonon frequency. 𝐶𝑉,𝑗 is the phonon specific heat per unit 

volume, 𝜃𝑗 stands for the Debye temperature and 𝜏𝑗 denotes the phonon relaxation time without 

the vertical phonon boundary scattering. 𝐹(𝛿) is the reduction function explained in [54]–[56]. 

Figure 2-3 shows the cross-plane and in-plane thermal conductivity of holey silicon derived 

by the spectral scaling model. A decrease in thickness or neck size results in a corresponding 

decrease in cross-plane or in-plane thermal conductivity. Specifically, when the holey silicon neck 

size is below 100 nm, the in-plane thermal conductivity can be as small as 1-10 W/m·K.  

 

Figure 2-3. The (a)cross-plane and (b) in-plane thermal conductivity of holey silicon 

calculated by the spectral scaling model. Figures adapted from [51] 
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 In this study, we utilize the pre-defined MATLAB program using the spectral scaling 

model to predict the anisotropic thermal conductivity of holey silicon. Two sets of constant thermal 

conductivity for holey silicon are employed: {kx, ky, kz} = {2.6, 2.6, 35} W/m·K and {1, 1, 13} 

W/m·K, taking into account the parameters {neck size, thickness, porosity, temperature} = {20 

nm, 30 µm, 30%, 300 K} and {10 nm, 30 µm, 30%, 300 K}, respectively. It should be noted that 

these calculated values are subject to certain assumptions and may vary due to other factors. 

Furthermore, the practical implementation of holey silicon dimensions should also consider 

feasibility requirements. 

2.2.2 Electrical conductivity and Seebeck coefficient of holey silicon  

 The phonon mean free path (MFP) in silicon typically ranges between 200-300 µm [57], 

[58], whereas the electron MFP is significantly smaller at approximately 10 nm [59]. This low 

electron MFP in silicon enables the preservation of excellent electrical characteristics even when 

nano-structuring is employed.  

 In silicon, the electrical conductivity and Seebeck coefficient are strongly influenced by 

the doping concentration. While the electrical conductivity exhibits a positive correlation with the 

doping level, the Seebeck coefficient demonstrates an inverse relationship with the doping 

concentration due to the difference in Fermi level. Since the thermoelectric figure of merit, 𝑍𝑇 =

S2σT/k, involves the product of the Seebeck coefficient and electrical conductivity, it reaches its 

maximum value at a specific doping concentration. 

 Based on the Boltzmann transport theory, the electrical conductivity and Seebeck 

coefficient can be expressed by [60]: 
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𝜎 = 𝑞0

2∫ (−
𝜕𝑓0
𝜕𝐸
) 𝑁(𝐸)𝑣(𝐸)𝜆0 (

𝐸

𝑘𝐵𝑇
)
𝑟

𝑑𝐸
∞

𝐸0

 (11) 

 
𝑆 =

𝑞0𝑘𝐵
𝜎

∫ (−
𝜕𝑓0
𝜕𝐸
)𝑁(𝐸)𝑣(𝐸)𝜆0 (

𝐸

𝑘𝐵𝑇
)
𝑟

(
𝐸 − 𝐸𝑓
𝑘𝐵𝑇

)𝑑𝐸
∞

𝐸0

 (12) 

where 𝑞0 is the elementary positive charge, 𝑘𝐵 is the Boltzmann constant, 𝜆0 is the electron MFP, 

𝑣(𝐸) is the electron group velocity, 𝐸𝑓  is the Fermi level, 𝑇 is the absolute temperature, 𝑓0  is the 

Fermi-Dirac distribution function. For p-type semiconductor, 𝑁(𝐸) stands for the density of states 

of the conductance band; for n-type semiconductor, 𝑁(𝐸) represents the density of states of the 

valence band.  

 The one-dimensional density of state can be derived using the following equation: 

 

𝑁(𝐸) =
4𝜋(2𝑚𝑛

∗ )
3
2

ℎ3
√𝐸 −𝐸𝑐 =

4𝜋[2(1.08)(9.11 × 10−31)]
3
2

(6.625 × 10−34)3
√𝐸 − 𝐸𝑐  

(13) 

where mn
* is the effective mass for electrons, mn

*=1.08m0, m0= 9.11 × 10−31, h is plank constant, 

h= 6.625 × 10−34 , 𝐸𝑐  is the conductance band edge. For the three-dimensional density of state, 

the density functional theory (DFT) can be used to calculate the silicon band structure which then 

provides the density of state. With this method, the group velocity, 𝑣(𝐸), can be derived at the 

same time. 

 For non-intrinsic semiconductor, the Fermi level, 𝐸𝑓 , can be express as:  

 
𝐸𝐶 −𝐸𝐹 = 𝑘𝐵𝑇𝑙𝑛(

𝑁𝐶
𝑛0
) (14) 

where 𝑁𝐶 is the effective conductance density of states and 𝑛0 is the electron carrier concentration. 

In N-type semiconductor, 𝑁𝑑>>𝑛𝑖, where 𝑛𝑖 is intrinsic carrier concentration (~1010/cm3) and 𝑁𝑑 
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is donor concentration. Therefore, 𝑛0 ≈ 𝑁𝑑, and the equation above can be further approximated 

as: 

 
𝐸𝐶 − 𝐸𝐹 = 𝑘𝐵𝑇𝑙𝑛 (

𝑁𝐶
𝑁𝑑
)  
𝑁𝐶=2.8×10

19  𝑐𝑚−3 @ 300𝐾
→                     𝐸𝐶 − 𝐸𝐹

= 0.0259𝑙𝑛 (
2.8 × 1019

𝑁𝑑
) 

(14*) 

 The electron relaxation time is the reciprocal of the electron scattering, which includes 

electron-phonon scattering (Λe-p), ionic impurities (ΛⅡ), intervalley scattering (ΛⅣ), boundary 

scattering (ΛBS), optical phonon (Λopt), and plasma scattering (ΛPS). Assuming that Λe-p, ΛⅡ, ΛBS 

are the dominant scattering mechanisms in holey silicon, based on Matthiessen’s Rule, it has: 

 𝛬(𝐸) =  𝛬ⅇ−𝑝 +𝛬Ⅱ +𝛬𝐵𝑆   (15) 

 𝜏(𝐸) = 𝛬(𝐸)−1 (16) 

Figure 2-4 shows the electron transportation calculation of bulk silicon using ab initio 

theory. We use the open-source computational model ‘ThermoElectric.py’ in GitHub [61]. Figure 

2-4 (a) shows that the silicon electron MFP can range from 2 to 10 nm under different doping 

levels, which is consistent with the previous experimental data [59]. Figure 2-4 (b) shows the 

positive correlation between the electrical conductivity and  the doping concentration, where the 

experimental data in [49] is also compared. Figure 2-4 (c) illustrates the negative correlation 

between the Seebeck coefficient and the doping concentration. A comparison among the 

theoretical data with and without the effective medium theory (EMT), as well as the experimental 

data in [46], [49] is shown. Eventually, in Figure 2-4 (d), a maximum power factor is shown when 

doping concentrations is between 1×1019 and 1×1020  cm-3,  a consistent result for both our model 

and the previous model in [46]. 



 

24 

 

 In this study, we utilize the documented electrical properties [62]–[64] of p-type silicon 

with a doping concentration of 2.5×1019 cm-3, yielding an electrical conductivity of 2.52×104 S·m-

1 and a Seebeck coefficient of 440μV·K-1. Finally, according to the effective medium theory, we 

derive an effective electrical conductivity of 1.36×104 S·m-1 with a porosity level of 30%. 

2.2.3 Other material selection and their properties 

 The LDMOS region is assumed to be a p-type single crystal silicon block, as previously 

discussed. While the electron transport properties in silicon (i.e., the Seebeck coefficient and 

electrical conductivity) remain unchanged as holey silicon, the phonon transport properties (i.e., 

the cross-plane and in-plane thermal conductivity) are slightly different. Detailed analytical model 

using the Boltzmann transport equation has been explained in [65], [66].  In this study, we 

 

Figure 2-4. Electric transport computation of bulk silicon using ab initio theory. (The 

computational model and its python code adapted from [61] ) 
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assign a constant thermal conductivity of 65 - 130 W/m·K to the silicon, taking into account the 

transistor thickness on the order of 10 µm and a temperature range of 300-600 K. 

 The Peltier cooler and Peltier heater are the thermoelectric electrodes made of metals, 

which typically require low absolute Seebeck coefficient in order to maximize the thermoelectric 

performance. Although we understand that different metals may possess various electrical and 

thermal properties and can further influence the TEC performance, we believe that this effect is 

subtle. Therefore, we choose aluminum or copper as the electrode material, given the fact that they 

are two of the common metals in microfabrication. We use the pre-defined temperature-dependent 

material properties in the COMSOL material library: for aluminum, the thermal conductivity, 

specific heat and electrical conductivity at 300K are 237 W/m·K, 904 J/kg·K and 3.6 × 107 S/m, 

respectively. For copper, those values are 385 W/m·K, 384 J/kg·K and 5.8 × 107 S/m, respectively. 

 

2.3 Other Important Conditions 

2.3.1 Heating conditions (transient study only) 

 To make reasonable analysis, the physical setting in the model (e.g., the initial & ambient 

temperature, the amplitude of heat pulse) should reflect the actual self-heating behavior of the 

transistor. Here we demonstrate three possible scenarios of the self-heating event: 

Single heat pulse with local background temperature (Figure 2-5): In this scenario, the 

chip and its environment have achieved a steady-state high temperature. At this time, a single heat 

pulse with high power density (e.g., 50kW/cm2) is applied to the system, which may reach the 

critical temperature and result in thermal failure (i.e., thermal runaway). In this case, one should 

set the ambient temperature and the initial temperature to a high value (e.g., 100 - 300°C) in order 



 

26 

 

to mimic the extreme background temperature condition. This scenario can be applied to the high-

power cellular station or satellite infrastructure in extreme environments. 

Consecutive heat pulse starting with room temperature (Figure 2-6): In this scenario, 

the transistor undergoes multiple switching which generates consecutive heat pulses. Every single 

heat pulse dissipates a certain amount of heat (e.g., 50kW/cm2). Because of the large duty cycle 

and insufficient cooling, the hotspot temperature keeps increasing and finally results in thermal 

failure (i.e., thermal runaway). In this case, one should set the ambient and initial temperature to 

 

Figure 2-5. Single heat pulse with local background temperature 

 

Figure 2-6. Consecutive heat pulse starting with room temperature. 
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room temperature (e.g., 30 °C) to mimic the initial situation without device activation. This 

scenario can happen because of system overspeed or cooling-system failure in signal amplification 

systems.  

Single heat pulse with local constant heat flux (Figure 2-7): In this scenario, the chip 

has reached a steady-state high temperature where a constant heat flux (e.g., 30kW/cm2) is 

dissipated. At this moment, a single heat pulse with moderate power density (e.g., 10kW/cm2) is 

applied to the system, which may exceed the critical temperature and result in thermal failure (i.e., 

thermal runaway). In this case, one should set the ambient and initial temperature to room 

temperature (e.g., 30 °C). Besides, a constant heat flux should be applied at the hotspot. This 

scenario can occur when the power device is subject to sudden overload or overspeed. 

2.3.2 Boundary conditions 

The determination of the boundary conditions in our study is based on the actual 

environment of the holey silicon-based lateral TEC. Typically, an efficient heat sink is connected 

to the top surface of the transistor layer, while a thermally insulated passivation layer covers the 

 

Figure 2-7. Single heat pulse with local constant heat flux 
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opposite surface. Taking these factors into consideration, we assume a convective boundary for 

the top boundary condition and set an insulated boundary for the bottom. 

The boundary condition of the side may undergo different situations: for a transistor-TEC 

matrix with multiple transistor-TEC units, the side may exhibit highly symmetric behavior in 

electrical and thermal transport. Therefore, an insulated boundary is more appropriate; for a 

transistor-TEC system situated next to high thermal impedance components, such as shallow 

trench isolation (STI) or air gap, an insulated boundary is also recommended. Moreover, to 

simulate a symmetric structure accurately, an insulated boundary is necessary. However, for a 

transistor-TEC system without any heating or insulation object on the side, a laterally conductive 

boundary is preferable. In this case, one should create a dummy silicon die to enclose the transistor-

TEC system in order to provide perfect lateral thermal and electrical conduction. Unless otherwise 

specified, we apply the insulated boundary on the side.  

More specific information regarding the boundary conditions, including the ambient 

temperature and the convective heat transfer coefficient, will be discussed in the upcoming 

sections. 
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Chapter 3 

Steady-state TEC Cooling 

While the actual interplay between the holey silicon-based lateral TEC and the power 

transistor may involve dynamic changes in thermal and electrical properties, a steady-state study 

can provide a preliminary and time-efficient evaluation of the transistor-TEC system. This ensures 

the parametric study in geometry and paves the way to further transient optimization.  

 In steady-state simulation, the heating conditions, TEC conditions and other boundary 

conditions are considered time independent. The following governing equations depict the 

physical assumptions and correlations within the coupled thermal-electrical model: 

 ∇ ∙ 𝒒 = 𝑄ⅇ  (17) 

 𝑄ⅇ = 𝑱 ∙ 𝑬 (18) 

where 𝒒 is the heat flux vector (∇𝒒 is the heat flux divergence) , 𝑄ⅇ is the internal heat source, 

which is the dot product of current density vector (𝑱) and electric field strength vector (𝑬).  

The above equations apply to general thermal-electrical models. Specifically, when the 

thermoelectric effect is considered, the heat flux vector and current density vector should be further 

expressed as:  

 𝒒 = 𝑆𝑇𝑱 − 𝑘∇𝑇 (19) 
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 𝑱 = −𝜎(∇𝑉+ 𝑆∇𝑇) (20) 

where 𝑆 is the Seebeck coefficient (𝑆), 𝑇 is the temperature (∇𝑇 is the temperature gradient), 𝑘 is 

the thermal conductivity, 𝜎 is the electrical conductivity and   (𝑇) and 𝑉 is the applied voltage (∇𝑉 

is the voltage gradient). As a result, the heat flux is coupled with the Peltier effect and the Fourier 

effect while the current density is coupled with the Seebeck effect and the Joule effect. 

 

3.1 2D Simulation (Parametric Study) 

3.1.1 Model selection 

 In the 2D simulations, the following two models are considered: 

Boundary hotspot model: Figure 3-1 demonstrates the 2D transistor-TEC models 

implementing a boundary (line) hotspot. This model disregards the geometrical details of hotspot 

and simply treats the hotspot as a boundary. This model assumes that the hotspot is located far 

enough away from the TEC, where the size effect of the hotspot is minimal. Using this model with 

a boundary hotspot makes it accessible to the development of  the corresponding 1D analytical 

model. More details regarding the corresponding 1D analytical model will be discussed in the 

upcoming sections. 

 Area hotspot model (selected for parametric study): Figure 3-2 demonstrates the 2D 

transistor-TEC models implementing an area hotspot. The geometrical information of the hotspot 

is included in this model. Specifically, the hotspot is positioned with a distance below the top 

surface (described by the variable “f”). And the hotspot dimensions is assumed to be 1 µm × 1 µm. 

Despite complexity, using this model with an area hotspot makes the result more reliable and is 

open for additional hotspot optimization.  
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3.1.2 Reference simulation 

 The primary objective of the reference simulation is to demonstrate the fundamental 

functionality of the transistor-TEC system and provide a reference for further optimization. Table 

3-1 presents the specific parameters utilized in this simulation: 

 

Figure 3-1. Schematic of 2D LDMOS-TEC system using boundary (line) hotspot. 

 

Figure 3-2. Schematic of 2D LDMOS-TEC system using area hotspot. 
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  A single parameter-sweep in TEC current is performed with the above parameters 

unchanged. As a result, the hotspot temperature is only influenced by the TEC current. As shown 

in Figure 3-3, the optimal current is 12 µA where a temperature difference of 1.02 °C is shown. 

For a current larger than the optimal current, the concomitant Joule heating surpass the Peltier 

cooling, leading to an undesirable temperature overshot. 

 

Table 3-1. Specific parameters used for 2D reference simulation. 

 

Figure 3-3. Relationship between hotspot temperature and TEC current. 
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 The temperature distribution map is shown in Figure 3-4, where the TEC OFF and TEC 

ON situations are compared. In TEC OFF, the hotspot is the location where the highest temperature 

exists, which follows the Fourier heat conduction. However, in TEC ON, the TEC redistributes 

heat laterally, resulting in lower temperature in the cooler electrode and its adjacent hotspot region 

and higher temperature in the heater electrode.  

 

3.1.3 Effect of hotspot distance 

 The hotspot distance (a) is a crucial parameter as it not only indicates the size of the 

transistor, but also implies the impact of the TEC on the hotspot. To further analyze the effect of 

 

Figure 3-4. Comparison of temperature distribution between TEC OFF and TEC ON with 

optimal current. 
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the hotspot distance, we perform a double parameter-sweep regarding the hotspot distance (a) and 

the TEC current. Table 3-2 presents the specific parameters utilized in this simulation: 

 With optimal TEC current applied, a smaller hotspot distance shows greater temperature 

difference, as is shown in Figure 3-5. This suggests that the proximity between the cooler electrode 

and the hot spot plays a crucial role in maximizing the TEC cooling performance. 

 

Table 3-2. Specific parameters used for hotspot distance study. 

 

Figure 3-5. Relationship between temperature reduction and hotspot distance. 
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3.1.4 Effect of TEC length 

 Another important geometrical parameter is the TEC length (b), which has an impact on 

the device footprint and the fabrication cost. Similar to the hotspot distance study, we perform a 

double parameter-sweep in terms of the TEC length (b) and the TEC current. Table 3-3 

demonstrates the specific parameters utilized in this simulation: 

As shown in Figure 3-6, the temperature reduction exhibits a positive correlation with the 

TEC length. A sufficiently long TEC length helps to mitigate Fourier heat conduction, which 

adversely affects the overall cooling performance. This effect is particularly pronounced when an 

insulated or convective boundary is applied at the hot end. However, as the heat sink becomes 

more efficient (i.e., with a larger heat convection coefficient), this length effect will become less 

significant. Hence, a high-performance heat sink is imperative to maintain space efficiency in the 

lateral holey-silicon TEC. 

 

 

 

Table 3-3. Specific parameters used for TEC length study. 
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3.1.5 Effect of ambient temperature 

 The ambient temperature plays an essential role in TEC cooling performance, as the 

thermoelectric figure of merit, ZT=S2σT/k, is proportional to the absolute temperature. With a 

double parameter-sweep regarding the ambient temperature (Tamb) and the TEC current, we 

evaluate the TEC performance in various ambient temperatures. Table 3-4 demonstrates the 

specific parameters utilized in this simulation: 

 

Figure 3-6. Relationship between temperature reduction and TEC length. 

 

Table 3-4. Specific parameters used for ambient temperature  study. 
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 The data presented in Figure 3-7 demonstrates that an elevated ambient temperature can 

result in a greater reduction in hotspot temperature. Furthermore, the linear nature of the 

temperature reduction curve with respect to the ambient temperature aligns perfectly with the 

definition of thermoelectric efficiency, thereby confirming the accuracy of our model. 

 

3.1.6  Effect of hotspot heat flux 

 The hotspot power is a parameter that can be readily quantified by the transistor power 

dissipation, therefore knowing its relationship with the TEC cooling performance can provide 

useful design and operational instructions. The following table shows the specific parameters used 

the simulation, where a double parameter-sweep regarding the input power density (Q) and the 

TEC current is conducted: 

 

  

 

Figure 3-7. Relationship between temperature reduction and ambient temperature. 
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 As shown in Figure 3-8, the trend of temperature reduction regarding hotspot heat flux 

exhibits a positive linear relationship, similar to the trend observed in the ambient temperature. At 

this point, a higher hotspot heat flux leads to a larger reduction in temperature between TEC OFF 

and TEC ON, which is advantageous for high-power devices. 

  

 

Figure 3-8. Relationship between temperature reduction and hotspot heat flux. 

 

Table 3-5. Specific parameters used for heat flux study. 
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3.1.7  Summary of 2D parametric study 

 Table 3-6 summarizes the TEC cooling performance trend regarding 14 important design 

parameters, including geometrical variables (blue), material properties (green) and boundary 

conditions (red). Above all, the parametric study provides important guidance for future design 

and optimization of the transistor-TEC system. 

  

 

Table 3-6. Summary of parametric study. 
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3.2 3D Simulation 

3.2.1  Reference simulation 

 For more practical and reliable analysis, we perform the 3D simulation considering a 

square transistor-TEC system. Figure 3-9 shows the schematic of the 3D model. Only a quadrant 

of the geometry is established in the model due to the symmetric configuration. 

 The reference model is pre-optimized based on the parametric study from 2D simulation. 

Table 3-7 shows the specific parameters used in the simulation. Specifically, the hotspot heat flux 

is set at high value (i.e., 50700 W/cm2) to mimic the extreme condition where the potential thermal 

failure (i.e., thermal runaway) could happen. The effective heat convection coefficient is corrected 

as 5000 W/m2K based on the reported value in the literature [32], [51]. The thermal conductivity 

of silicon is modified to 65 W/mK to precisely show the size effect in chip scale. The copper 

electrodes are replaced by aluminum with thermal conductivity of 237 W/mK. Moreover, the in-

plane and cross-plane thermal conductivity of holey silicon are changed to 1 W/mK and 13 W/mK 

with reduced neck size of 10 nm.  

 

Figure 3-9. Schematic of the 3D transistor-TEC model. 
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 Figure 3-10 demonstrates the relationship between the hotspot temperature and the TEC 

current. The optimal current exists at 20 mA, providing a maximum hotspot temperature reduction 

of 34. 08 °C.  

 The temperature maps for both TEC OFF and TEC ON are shown in Figure 3-11. In the 

case of TEC OFF, passive cooling which follows Fourier heat conduction serves as the only 

cooling mechanism in the transistor-TEC system. As a result, the hotspot temperature is 300 °C 

 

Table 3-7. Specific parameters used for 3D reference simulation. 

 

Figure 3-10. Relationship between hotspot temperature and TEC current. 



 

42 

 

due to excessive power dissipation. On the other hand, when the TEC is ON, active cooling in the 

TEC aggressively cools down the hotspot temperature to 266 °C.  

 

 

 

Figure 3-11. Comparison of temperature distribution between TEC OFF and TEC ON with 

optimal current in 3D reference simulation. 

. 
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 While the 2D reference model provides a reduction of only 1.02 °C in hotspot temperature, 

the 3D reference model gives up to 34. 08 °C hotspot temperature reduction. Three major factors 

contribute to the significant improvements of cooling performance: firstly, the enhanced heat 

convection coefficient ensures more efficient heat removal in the heater electrode. Secondly, the 

reduced anisotropic thermal conductivity of holey silicon further enhances the ZT value. Finally, 

high hotspot power facilitates the TEC to provide greater temperature reduction. 

 

3.2.2  Multi-parameter optimization with fixed chip size 

 The lateral chip space is a critical design constraint in practical applications, necessitating 

the optimization of TEC area allocation to achieve sufficient cooling within a given chip size.  

Table 3-8 presents the specific parameters used in this optimization process, with the independent 

variable highlighted in red and the dependent variables indicated in blue. The specific chip size is 

fixed at 100 × 100 µm2
. 

 

Table 3-8. Specific parameters used in the optimization with fixed chip size. 
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 As depicted in Figure 3-12, the increased TEC area can be achieved by sacrificing the 

transistor area, resulting in a significantly enhanced cooling performance. Specifically, when 

combined with a 20 µm hotspot distance and an 80 µm TEC length, it enables a temperature 

reduction of 121.6 °C. This remarkable cooling performance is attributed to both the close 

proximity between the hotspot and cooler as well as the improved performance due to the extended 

TEC length. A more detailed explanation can be found in the 2D parametric study presented in 

section 3.1.  

 

 

 

Figure 3-12. Optimization results with fixed chip size. (Top) schematic of device optimization 

under fixed chip size. (Bottom) relationship between temperature reduction and hotspot 

distance with fixed chip size. 
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3.2.3  Multi-parameter optimization with fixed a/b ratio 

 Another critical design constraint lies in the transistor area, which plays an essential role 

in the electrical characteristics of the transistor device. The optimization of transistor area can be 

done by changing the TEC length with a given a/b ratio. Table 3-9 specifies the parameters used 

in this optimization where the transistor size is varied from (1 µm)2, (10 µm)2, (100 µm)2 to (200 

µm)2 and the a/b ratio is changed from 1:2, 1:1, 2:1 to 5:1. 

In the previous study, we concluded that a smaller hotspot distance (i.e., transistor size) 

helps to improve the cooling performance. However, as shown in Figure 3-13, with a fixed a/b 

ratio, the cooling performance is increased by increasing the hotspot distance. The contradiction 

in these conclusions lies in the fact that the TEC length is a more impactful independent variable 

compared to the hotspot distance in terms of TEC cooling performance. Without the constraint in 

chip size, one should always consider increasing the TEC length to maximize the hotspot 

temperature reduction. 

 

Table 3-9. Specific parameters used in the optimization with fixed a/b ratio. 
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3.3 1D Analytical Model and TEC Advantage 

 In section 3.1 and 3.2, the TEC cooling performance is represented by the hotspot 

temperature reduction (i.e., the difference between the hotspot temperature in OFF state and the 

hotspot temperature in ON state). Although significant enhancements in TEC cooling performance 

have been realized through a series of optimization, the nature of low in-plane thermal conductivity 

of holey silicon makes it potentially less competitive against the high thermal conductivity bulk 

silicon-based system which implements only passive cooling. To compare the TEC cooling with 

the passive cooling mechanism, we investigate the 1D analytical model and study the TEC 

advantage against the bulk silicon-based system. 

 

 

Figure 3-13. Optimization results with fixed a/b ratio. Four values of a/b ratio, 1:2, 1:1, 2:1 

and 5:1, are studied with transistor size of (1 µm)2, (10 µm)2, (100 µm)2 and (200 µm)2 
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 Figure 3-14 depicts the 1D heat transfer model with single passive cooling. A constant heat 

flux is assigned in the hot end (i.e., the hotspot region) while a convective boundary is designated 

at the cold end (i.e., the heat sink). The hotspot heat flux and temperature can be expressed by: 

  
𝑞′ =

𝑘(𝑇ℎ𝑠 − 𝑇𝑠𝑢𝑟𝑓)

𝐿
= ℎ(𝑇𝑠𝑢𝑟𝑓 −𝑇∞) (17) 

 
𝑇ℎ𝑠 =

𝑞 ′𝐿

𝑘
+
𝑞 ′

ℎ
+ 𝑇∞ 

 

(18) 

where 𝑞′ is the hotspot heat flux, 𝑘 is the thermal conductivity, ℎ is the convection coefficient, 𝑇ℎ𝑠 

is the hotspot temperature, 𝑇𝑠𝑢𝑟𝑓  is the surface temperature, 𝑇∞ is the ambient temperature and 𝐿 

is the length of the conductive material (e.g., bulk silicon).  

 

 

Figure 3-14. 1D heat transfer model with single passive cooling. (Left) The schematic. (Right) 

The equivalent thermal circuit.  
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The second equation above indicates a linearity between the hotspot temperature and the 

ambient temperature with a slop of 1. Besides, a reduced hotspot temperature can be obtained by 

increasing the thermal conductivity of the conductive material. 

 Figure 3-15 illustrates the 1D heat transfer model with TEC cooling. The boundary 

conditions are considered the same as the above passive cooling model. In this case, the equations 

can be written as: 

 
𝑞 ′ = 𝑞𝑐 = 𝑆𝑇𝑐𝐼 −

∆𝑇

𝑅𝑡ℎ
−
𝐼2𝑅

2
 (19) 

 𝑊𝑇𝐸𝐶 = 𝑞𝑐− 𝑞ℎ = 𝑆∆𝑇𝐼+ 𝐼
2𝑅 (20) 

 
𝑞ℎ = 𝑆𝑇ℎ𝐼 −

∆𝑇

𝑅𝑡ℎ
+
𝐼2𝑅

2
= ℎ(𝑇ℎ − 𝑇∞) (21) 

 

𝑇𝑐 =
(ℎ− 𝑆𝐼) (𝑞 ′+

𝐼2𝑅
2
) 𝑅𝑡ℎ + 𝐼

2𝑅 + 𝑞 ′

𝑆𝐼𝑅𝑡ℎ(ℎ − 𝑆𝐼) + ℎ
+

1

𝑆𝐼𝑅𝑡ℎ(ℎ − 𝑆𝐼)
ℎ

+ 1
𝑇∞ (22) 

where 𝑞′ is the hotspot heat flux, 𝑞𝑐 is the TEC cooling flux, 𝑆 is the Seebeck coefficient,  𝑅𝑡ℎ is 

the thermal resistance, 𝑇𝑐 (𝑇ℎ𝑠) is the cold side (hotspot) temperature, 𝑇ℎ (𝑇𝑠𝑢𝑟𝑓) is the hot side 

 

 

Figure 3-15. 1D heat transfer model with TEC cooling. (Left) The schematic. (Right) The 

equivalent thermal circuit.  
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(surface) temperature, ∆𝑇 is the temperature difference (∆𝑇 = 𝑇ℎ − 𝑇𝑐), 𝐿  is the length of the 

TEC,  𝐼 is the TEC current,  𝑅 is the electrical resistance, 𝑊𝑇𝐸𝐶  is the work of TEC, 𝑞ℎ is the TEC 

heating flux,  ℎ is the convection coefficient and 𝑇∞ is the ambient temperature. 

 Similar to the passive cooling scenario, the hotspot temperature is linear to the ambient 

temperature. However, the slope here is 
1

𝑆𝐼𝑅𝑡ℎ
(ℎ−𝑆𝐼)

ℎ
+1

, which is a comprehensive variable dependent 

on both the material properties and the boundary conditions. If ℎ < 𝑆𝐼, the slope is less than 1, 

otherwise the slop is equal or larger than 1. At this point, Figure 3-16 shows the TEC advantage 

zone where the hotspot temperature in the transistor-TEC system is lower than that in the bulk 

silicon-based system: 

 When the heat convection coefficient is small, the transistor-TEC system can provide a 

lower hotspot temperature compared to the bulk silicon-based system when the ambient 

temperature is also small. Once the ambient temperature exceeds a certain value, the advantage of 

TEC no longer exists. On the other hand, if the heat convection coefficient is sufficiently large, 

the transistor-TEC system will achieve a lower hotspot temperature after surpassing a critical 

 

 

Figure 3-16. TEC Advantage zone. (Left) ℎ < 𝑆𝐼. (Right) ℎ ≥ 𝑆𝐼. 
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ambient temperature. Nevertheless, determining this critical temperature (i.e., intersection point) 

depends on various parameters related to both the material properties and the boundary conditions 

(i.e., the first term of 𝑇ℎ𝑠). Generally, reduced 𝑘, reduced  𝑅 and increased 𝑆 always contribute to 

expanding the TEC advantage zone; however, the changes in 𝑘𝑇𝐸𝐶 ,  𝑅𝑡ℎ  , 𝐼  and ℎ provide a 

collective effect. 

 The limitation of TEC advantage zone makes TEC not always preferrable for steady-state 

cooling. A careful evaluation of the heating conditions and geometrical parameters should be done 

before implementing the TEC as a cooling solution.  
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Chapter 4 

Transient TEC Cooling 

 In microelectronic systems, the heating conditions may undergo dynamic evolution due to 

device aging, changing electrical characteristics, different external environments and various user 

operations. While the steady-state TEC simulation provides primary guidelines for optimization, 

the transient TEC simulation offers more realistic and accurate analysis. Additionally, transient 

TEC cooling has its unique behavior which can benefit the microelectronic cooling. Specifically, 

transient TEC cooling exhibits spatial and temporal mismatches between the Peltier effect and the 

concomitant Joule effect. While the cooling occurs at the cooler junction simultaneously with TEC 

activation, the volumetric heating takes place throughout the TEC with a delayed response due to 

heat diffusion. 

 Different from the steady-state TEC cooling, the governing equation in transient TEC 

cooling incorporates the time variable, which can be written as: 

 
∇ ∙ 𝒒 = 𝑄ⅇ + 𝜌𝐶𝑝

𝑑𝑇

𝑑𝑡
 (21) 

The equations (18), (19) and (20) utilized to describe the thermoelectric effect remain unchanged, 

with the exception that all variables are now time dependent. 
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4.1 Hotspot with Constant Heat Flux 

 The transient TEC simulation is first performed with a stationary hotspot (i.e., with 

constant heat flux). The 2D cross-sectional sketch and 3D geometry used in the transient TEC 

model remains unchanged, which are demonstrated in Figure 4-1. Specific parameters used in the 

simulation, including geometrical parameters, material properties and boundary conditions, are 

demonstrated in detail in Table 4-1. 

 

 

Figure 4-1. Schematics of transient TEC model. (Top) A 2D cross-sectional sketch. (Bottom) 

The 3D geometry implemented in the simulation. 
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 Unlike the steady-state TEC cooling which utilizes a constant TEC current, in transient 

TEC cooling, a time-dependent TEC current is applied. Two patterns of transient current is shown 

in Figure 4-2 with the corresponding cooling results: 

 

Table 4-1. Specific parameters used in the transient simulation with constant heat flux. 

 

Figure 4-2. Two patterns of transient current and their corresponding cooling results. (Left) 

constant current + transient current pulse. (Right) single transient current pulse. 
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4.1.1  Constant current + transient current pulse 

 In the first case of Figure 4-2 (left), a constant heat flux with a power density of 

50700W/cm2 is applied to heat the hotspot up to 300 °C and achieve the first steady state. 

Subsequently, a constant TEC current of 20 mA is employed to attain the second steady state. This 

specific current magnitude has been optimized in the previous study (i.e., section 3.2.1) to ensure 

maximum reduction in steady-state hotspot temperature (i.e., 34.1 °C). Following this, an 

additional transient current pulse is introduced alongside the constant current. The amplitude of 

this extra transient current pulse ranges from 10 mA to 40 mA and the duration is fixed at 10 ms. 

 With the TEC current pulse, the temperature further drops down to 247.9 °C with a 

temperature reduction of 52.1 °C. Later, the hotspot undergoes a temperature overshot, which heats 

up the hotspot to over 300 °C. This additional cooling in transient state is referred to as the 

supercooling effect [20], [29], [30], [67]. 

 

4.1.2  Single transient current pulse 

 Another case shown in Figure 4-2 (right) is to implement a single transient current pulse. 

While the constant heat flux remains the same, the constant TEC current is no longer applied in 

this scenario. Instead, a single transient current pulse is employed  with an amplitude ranging from 

10 mA to 60 mA. The pulse duration is fixed at 10 ms.  

 Similar to the former case, when the transient current pulse is applied, the transistor-TEC 

system exhibits a sudden temperature drop, followed by a delayed temperature overshot. More 

importantly, the maximum reduction in hotspot temperature is now increased to 61.9 °C. This 

superior cooling performance may happen because of the following reasons: first, the patterns of 
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the current pulse are different. The ramp-up slope for the second triangular pulse is much larger 

than the first one. Second, the Joule heating effects are different. The former case has reached the 

steady-state Joule heating beforehand, while the latter case experienced transient Joule heating 

during the entire TEC activation.  

 The single transient current pulse has greater cooling performance compared to the 

combination of a constant current and a transient current pulse, a fact that makes it more promising 

in the actual applications. To provide further optimization in the case of single transient current 

pulse, Figure 4-3 demonstrates the peak hotspot temperature during early supercooling and 

sequential temperature overshoot. As the transient TEC current increases, the early supercooling 

results in reduced hotspot temperatures. This hotspot temperature can be even lower than the 

minimum temperature in steady-state cooling with optimal constant current. However, when the 

transient current magnitude is sufficiently large, the hotspot temperature will reach a plateau. On 

the other hand, the sequential temperature overshoot exhibits a exponent trend, where the hotspot 

 

Figure 4-3. Peak hotspot temperature in early supercooling (blue) and sequential temperature 

overshoot (red). 
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temperature will keep increasing as the transient TEC increases. Therefore, the implementation of 

such single transient current pulse should consider its threshold in temperature reduction as well 

as its side effect of temperature overshoot. 

4.2 Hotspot with Transient Heat Flux 

4.2.1 Reference simulation 

 When dealing with constant heat flux, the transient TEC cooling experiences early 

supercooling as well as delayed temperature overshot, as discussed in section 4.1. This temperature 

overshoot exceeds the steady-state temperature, creating additional challenges in thermal 

management. To alleviate this adverse effect, here we introduce the idea of using transient TEC 

cooling to deal with transient heat flux, as is demonstrated in Figure 4-4: without TEC activation, 

a transient heat pulse with a power density of 50700 W/cm2 and a duration of 5 ms raises the 

hotspot temperature from 20 °C to  226.4 °C (black dashed curve); however, a simultaneous TEC 

current pulse with a magnitude of 60 mA and a duration of 10 ms can aggressively reduce the 

hotspot temperature to 158.5 °C, showing a temperature reduction of 67.9 °C (orange solid curve) 

without significant temperature overshoot.  

 Different from the constant heat flux scenario, the temperature overshoot is now offset by 

the sudden removal of the transient heat flux. A careful optimization process should be performed 

so that the moment when the transient hotspot deactivates can align well with the moment when 

the temperature overshoot begins. In the upcoming simulation, such fitting is done by optimizing 

the conditions of the transient TEC current pulse (e.g., amplitude, location, duration and pulse 

shape), which will be discussed in detail in the following sections. Specific parameters used in the 

transient optimization can be found in Table 4-1. 
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4.2.2 Amplitude-dependent cooling performance 

 The TEC current amplitude plays a crucial role in transient TEC cooling. In the following 

simulation, this amplitude is regarded as the only variable for cooling performance evaluation. To 

 

Figure 4-4. Concept of using transient TEC cooling to deal with transient heat flux. 

 

Table 4-2. Specific parameters used in the transient simulation with time-dependent heat flux. 
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simulate extreme heating conditions that can potentially lead to thermal failure (i.e., thermal 

runaway), a hotspot heat pulse with a power density of 50700 W/cm2 is employed with a high 

background temperature of 100 °C. In response to this high input heat flux, a TEC current pulse is 

then implemented as the active cooling method in the transistor-TEC system. The duration of the 

heat pulse is 5 ms, while that of the TEC current pulse is 10 ms.  

 

 Figure 4-5 shows the cooling performance of the transistor-TEC device under various TEC 

current amplitudes. Without TEC activation, the transient heat pulse results in a peak hotspot 

temperature of 228.3 °C in 3.2 ms. Following this, an increase in TEC current amplitude helps to 

reduce this peak hotspot temperature. However, this increasing TEC current amplitude also leads 

to more significant effect of delayed temperature overshoot, leading to a second peak hotspot 

temperature after the transient heat flux ends. Apparently, the higher value of these two peaks 

determines the maximum hotspot temperature, therefore a moderate amplitude is required to 

balance these two sequential heating effects. Table 4-3 records the hotspot temperature in the first 

 

Figure 4-5. Evolution of hotspot temperature under various TEC current amplitudes. 
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and second peak. In conclusion, a TEC current amplitude of 60 mA provides the best cooling 

performance. 

4.2.3 Location-dependent cooling performance 

 The initiation moment of the transient cooling pulse is a crucial variable as it determines 

the onset time of the early supercooling and the sequential temperature overshoot. In the following 

simulation, the transient heat pulse with an amplitude of 60 mA and a duration of 10 ms will be 

initiated in various temporal positions relative to the hotspot heat flux.  

 The hotspot temperature evolution under a TEC current pulse with different temporal 

positions is illustrated in Figure 4-6, where the corresponding peak temperature data is shown in 

Table 4-4. Specifically, initiating the TEC current pulse ahead of the hotspot heat pulse may result 

in inadequate cooling due to the overlapping effect of the hotspot heat pulse and temperature 

overshoot. Conversely, initiating the TEC current pulse after the hotspot heat pulse also leads to 

insignificant temperature reduction due to the temporal mismatch between hotspot heating and 

TEC current 

amplitude 

First peak 

temperature 

Second peak 

temperature 

Temperature 

reduction 

No TEC current 228.3°C - - 

20mA 207.3°C 118.0°C 21.0°C 

40mA 193.3°C 138.5°C 35.0°C 

60mA 184.6°C 183.5°C 43.8°C 

80mA 181.9°C 262.6°C No cooling 

 

Table 4-3. Peak hotspot temperature under different TEC current amplitudes. 
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TEC supercooling. Only when the TEC current pulse coincides with the hotspot heat pulse can we 

achieve a minimum value for peak hotspot temperature. 

  

 

Figure 4-6. Evolution of hotspot temperature under various temporal locations of TEC current 

pulse. 

TEC pulse starting 

time 

First peak 

temperature 

Second peak 

temperature 

Temperature 

reduction 

No TEC current 228.3°C - - 

0ms 184.6°C 183.5°C 43.8°C 

-2ms 210.1°C - 18.2°C 

+2ms 212.0°C 177.8°C 16.3°C 

 

Table 4-4. Peak hotspot temperature under different temporal locations of the TEC current 

pulse. 
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4.2.4 Duration-dependent cooling performance 

 In the previous simulation with constant heat flux, the duration of the TEC current pulse 

(i.e., 10 ms) is about twice as large as the supercooling period (i.e., ~5ms). Following this rule, a 

changing TEC current pulse duration may help to control the period of the early supercooling, 

therefore providing a better match to the hotspot heat pulse. To study the optimal duration of the 

TEC current pulse, Figure 4-7 demonstrates the hotspot temperature change in time under various 

durations in TEC current. While the duration of the hotspot heat pulse is fixed at 5ms, the TEC 

current duration is varied from 3 to 18 ms.  

As shown in Figure 4-7, a short duration of the TEC current pulse provides limited 

supercooling time. This also results in an early temperature overshoot overlapping with the original 

hotspot heat pulse. On the other hand, a long TEC current pulse duration provides insufficient 

cooling due to the slowly ramping-up profile. A perfect balance can be found when the duration 

of the TEC current pulse is about 1.8 times of the hotspot heat pulse. Table 4-5 shows the peak 

temperature data obtained from the simulation. 

 

Figure 4-7. Evolution of hotspot temperature under various temporal locations of TEC current. 
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4.2.5 Shape-dependent cooling performance 

 Previous studies have investigated the shape effect in the transient TEC current pulse [20], 

[28], [68]. However, those papers are limited to the constant heat flux, whereas a dynamic heat 

pulse is never considered. Here, we perform the shape study of the TEC current pulse under 

transient heat flux conditions. Four shapes of the TEC current pulse, isosceles triangle, ramp-up 

triangle, ramp-down triangle and rectangle will be discussed.  

 As shown in Figure 4-8, two sets of simulations: fixed parameters and optimal parameters 

are performed. For the simulation with fixed parameters, the hotspot temperature profile shows 

significant differences in four shapes. For the ramp-down triangular and rectangular TEC current 

pulse, the rapid increase in TEC current results in overcooling at the early heating stage (i.e., t = 

0.1-0.102 s), while excessive amounts of Joule heating is overlapped with the hotspot heat pulse. 

On the other hand, for the ramp-up triangular TEC current pulse, the slow increase in TEC current 

results in limited cooling at the heating stage, providing insignificant cooling performance. On the 

other hand, the TEC current pulse in isosceles triangle retains the advantages among different pulse 

shapes, therefore leading to minimum peak hotspot temperature among four cases.  

TEC pulse starting 

time 

First peak 

temperature 

Second peak 

temperature 

Temperature 

reduction 

No TEC current 228.3°C - - 

3ms 235.8°C - No cooling 

6ms 194.7°C 196.9°C 31.5°C 

9ms 182.8°C 182.1°C 45.5°C 

 

Table 4-5. Peak hotspot temperature under different durations of the TEC current pulse. 
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 Compared to the simulation with fixed parameters, the simulation with optimal parameters 

shows similar peak temperature reduction among four pulse shapes. For the ramp-down triangular 

and rectangular TEC current pulse, the delayed initiation of TEC current pulse compensates for 

the rapid increase in TEC current. Besides, the optimal duration and amplitude of the ramp-up 

pulse ensures adequate transient current. The simulation results regarding the reduction in peak 

hotspot temperature as well as the specific TEC current pulse conditions are summarized in Table 

4-6. 

  

 

Figure 4-8. Hotspot temperature as a function of time under different TEC current pulse shapes 

(i.e., isosceles triangle, ramp-up triangle, ramp-down triangle and rectangle) (a) Fixed 

parameters (i.e., 9ms duration, 60mA amplitude, simultaneous) (b) optimized parameters. 
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TEC current pulse 
shapes 

Fixed parameters Optimized parameters 

Amplitude Location Duration 
Temperature 

reduction 
Amplitude Location Duration 

Temperature 

reduction 

Isosceles triangle 

 

60mA +0ms 9ms 

45.5°C 60mA +0ms 9ms 45.5°C 

Ramp-up triangle 

 

25.0°C 50mA +0ms 4ms 44.0°C 

Ramp-down triangle 

 

-14.0°C 
(No cooling) 

40mA -2ms 15ms 40.6°C 

Rectangle 

 

-89.7°C 
(No cooling) 

30mA -2ms 5ms 42.2°C 

 

Table 4-6. Summary of the reduction in peak hotspot temperature and the specific TEC current 

pulse conditions. 
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Chapter 5 

TEC Array Performance 

 In modern integrated circuit packages, the integration of high-power-density transistor 

arrays has become a common practice. For instance, in the realm of 5G wireless communication, 

laterally-diffused metal-oxide-semiconductor (LDMOS) arrays (as shown in Figure 5-1) are 

widely used in the radio frequency (RF) amplifier to ensure high-quality signal amplification [69], 

[70]. Similarly, in the field of artificial intelligence (AI) and machine learning, the implementation 

of multiply accumulate (MAC) arrays in NPUs or TPUs enable a huge volume of parallel 

mathematical operations [71], [72]. These transistor or transistor-based arrays carry excessive 

power, leading to localized hotspots that dynamically change in space and time. 

  

 

Figure 5-1. Thermal image of LDMOS array under different background temperatures. Figure 

adapted from [75] . 
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5.1 Lateral TEC Array Designs 

 In holey silicon-based lateral TEC, the Peltier heater, Peltier cooler, holey silicon region as 

well as the cooling object (i.e., transistor) are well aligned in horizontal direction. This special 

configuration of transistor-TEC system makes it possible for array scaling. Figure 5-2 illustrates 

three types of lateral TEC array designs. The second column shows the full sketch while the third 

column shows the actual geometry implemented in the simulation due to symmetry. A 2 × 2 

transistor matrix is taken as an example to investigate its coupling effect with the TEC array. Note 

that the number of rows and columns in a practical transistor-TEC array system are not restricted 

to the abovementioned values, nor is the number of transistors limited to one for each transistor-

TEC unit.  

 

Figure 5-2. Three types of lateral TEC array designs. 
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 Design #1 (Individual TEC): The first design utilizes the direct scaling method, where 

multiple transistor-TEC systems are connected to each other in lateral direction. In this design, 

individual TECs can provide selective cooling for separate transistor units, which offers on-

demand thermal management to the transistor matrix.  

 Design #2 (Single TEC): The second design employs one single TEC to cool down the 2 

× 2 transistor matrix, which is similar to the single transistor-TEC system. This design is space-

efficient as it consumes less space for the TEC. However, it also loses the capability to perform 

on-demand thermal control. 

 Design #3 (Individual cooler + single heater): The third design is a combination of the 

first and second designs, where the individual coolers and single heater are used. By selectively 

turning on the individual coolers, this array design can provide efficient spatial temperature control 

under different heating conditions. Moreover, the implementation of a single heater reduces the 

lateral TEC footprint, making it more suitable for the integration into chip systems with limited 

space.  

 

5.2 Array Design Optimization  

5.2.1  Reference simulation 

 Figure 5-3 shows the geometry of three different array designs applied in the steady-state 

reference simulation. All designs share the same parameter set for comparison, as specified in 

Table 5-1. The simulation results are shown in Figure 5-4, where the hotspot temperature, 

temperature reduction and temperature maps are shown for both TEC ON and OFF states. 
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Figure 5-3. Geometry of three different designs in reference simulation. 

 

Table 5-1. Specific parameters used in the array design simulation. 
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In the reference simulation, design #1 has the greatest temperature reduction while design 

#2 has the lowest hotspot temperature. Although better TEC cooling performance can be found in 

design #1, more significant passive cooling occurs in design #2 in the absence of low thermal 

conductivity TE material inside the chip. On the other hand, design #3 achieves a moderate 

temperature reduction due to reduced heater area. 

  

 

Figure 5-4. Results of steady-state reference simulation: (a) the steady-state hotspot 

temperature, (b) the hotspot temperature reduction, (c) the temperature distribution map. 
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5.2.2  Effect of boundary area 

 The 2D parametric study (i.e., section 3.1.4 and 3.1.7) indicates that increasing the length 

of the TEC can lead to enhanced TEC cooling performance. Similarly, in the array design, this 

effect can be achieved by incorporating additional TEC boundary area. Figure 5-5 demonstrates 

the optimization results after implementing an extra TEC boundary (i.e., Δb) of 15, 30 and 50 µm. 

Figure 5-5 (b) shows that such increase in TEC boundary length provides enhanced temperature 

reduction for all array designs. Specifically, design #2 and #3 shows greater enhancement due to 

the presence of single external heater.   

 

Figure 5-5. Optimization with increased TEC boundary lengths: (a) temperature distribution 

maps for different boundary lengths, (b) relationship between temperature reduction and 

additional boundary, and (c) power consumption as a function of additional boundary. 
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 The hotspot temperature and the corresponding temperature reduction are shown in Figure 

5-6. With additional boundary length, although design #2 exhibits the lowest TEC ON 

temperature, design #1 demonstrates the lowest TEC OFF temperature. Notably, expanding the 

boundary area can benefit both active TEC cooling and passive cooling. Consequently, when 

selecting the array designs, it is crucial to consider low TEC OFF temperature due to the additional 

power consumption associated with activating the TEC.  

  

 

Figure 5-6. The hotspot temperature and the corresponding temperature reduction data in 

three array designs with increased TEC boundary lengths: (left) hotspot temperature and 

(right) temperature reduction. 
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5.2.3  Effect of internal distance 

 In the transistor-TEC array, the internal distance determines the gap length between each 

transistor-TEC unit. In design #1 and #3, this gap is filled with holey silicon, while in design #2, 

however, it consists of bulk silicon.  

 The temperature reduction is enhanced with an increase in gap distance for all three array 

designs, as depicted in Figure 5-7. However, the most significant enhancement is observed in 

design #1 due to the presence of individual TECs. With a larger gap, the heaters of the individual 

TECs can facilitate more efficient heat exchange with the external heat sink. 

 

Figure 5-7. Optimization with increasing internal distance: (a) temperature distribution maps 

for different internal distance, (b) relationship between temperature reduction and additional 

gap distance, and (c) power consumption as a function of additional gap distance. 
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 Figure 5-8 demonstrates the hotspot temperature and the corresponding temperature 

reduction data in three array designs with increasing internal distance. While design #1 shows 

more promising TEC cooling performance (i.e, a greater temperature reduction between TEC OFF 

and TEC ON states), design #2 demonstrates much lower TEC ON and OFF temperatures due to 

notable enhancements in passive cooling efficiency. Consequently, an optimal TEC array device 

should strike a balance between active TEC cooling and passive cooling.  

  

 

Figure 5-8. The hotspot temperature and the corresponding temperature reduction data in 

three array designs with increasing internal distance: (left) hotspot temperature and (right) 

temperature reduction. 
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5.3 Preliminary Study of Dynamic Hotspot 

  The previous array analysis assumes that all 4 hotspots in the 2 × 2 transistor matrix is 

activated simultaneously. However, in practical applications, the transistor matrix may undergo 

dynamic hotspot conditions where only a few of all the hotspots are turned on. Figure 5-9 

demonstrates an example of the dynamic hotspot conditions in three array designs, where only one 

hotspot in the 2 × 2 transistor matrix is activated. 

 Due to the asymmetry of the hotspot conditions, for design #1 and #3, the TEC coolers can 

have multiple options of activation: (a) activate the corresponding cooler, (b) activate the 

corresponding cooler and the adjacent coolers, (c) activate the adjacent coolers and (d) activate all 

the coolers. Moreover, these options can be even more complicated if different TEC currents are 

applied in different coolers. For the preliminary study, we assume the only option for the TEC 

activation is to activate the corresponding cooler. Table 5-2 specifies the parameters used in the 

array simulation with dynamic hotspot conditions.  

 

Figure 5-9. Schematics of dynamic hotspot in three array designs. Only one hotspot in the 2 × 

2 transistor matrix is activated. 
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 The temperature distribution maps of three array designs are shown in Figure 5-10 under 

dynamic hotspot conditions. Only the hotspot #1 (top-right corner) is activated, together with the 

corresponding TEC cooler. Figure 5-11 shows the hotspot temperature as a function of the TEC 

current. Four hotspot locations in the 2 × 2 matrix (labeled as HS #1 to #4) are evaluated.   

 

Table 5-2. Specific parameters used in the array simulation with dynamic hotspot conditions. 

 

Figure 5-10. Temperature distribution maps of three array designs under dynamic hotspot 

conditions.  
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 Among three array designs, design #1 and #3 exhibit significant temperature changes at 

hotspot #1. Specifically, with optimal TEC current, a maximum temperature reduction of 21.9 °C 

and 21.1°C is achieved at the activated hotspot in design #1 and #3, respectively. However, this 

substantial reduction also leads to a temperature increase at hotspot #2, #3 and #4 due to the 

asymmetric boundary conditions that transport heat from the activated heater to the nearby 

inactivated regions.  

 While the temperature reduction is significantly greater for design #1 and #3, the absolute 

temperatures in both ON and OFF states are notably lower for design #2. Due to the absence of 

holey silicon in its internal region, design #2 exhibits more pronounced passive cooling. 

Consequently, further optimization is required to provide high-performance TEC cooling under 

dynamic hotspot conditions. 

 

  

 

Figure 5-11. Hotspot temperature as a function of the TEC current in four hotspot locations.  
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Chapter 6 

Conclusion and Outlooks 

 While the state-of-the-art commercial microelectronic device has achieved a technology 

node as small as 5nm, and even below 5nm, most thermal management techniques are limited to 

the macroscale level. The innovative concept of designing a microscale holey silicon-based lateral 

TEC aims to address the increasingly demanding yet delicate thermal management challenges in 

the microelectronic system. Holey silicon, a nanostructured silicon with excellent thermoelectric 

properties and compatibility with the conventional microfabrication process, enables direct 

integration of the TEC into the architecture, creating an all-in-one cooling system. 

 In this thesis, a preliminary study of the transistor-TEC system is performed using the 

COMSOL Multiphysics platform. With the increasing understanding of the TEC design, our 

investigation and optimization go from 2D to 3D, from steady state to transient state, and from 

single TEC to TEC array. Many rules of thumb regarding the TEC optimization are found during 

the parametric study in section 3.1, 3.2, 4.2 and 5.2. In general, the hotspot-cooler distance as well 

as the TEC length act as the most important geometrical parameters in the design optimization of 

the transistor-TEC system. Besides, the ambient temperature, the efficiency of heat sink (i.e., the 

heat convection coefficient) as well as the heating conditions play a crucial role in determining the 

TEC cooling performance.  
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Besides maximizing the TEC cooling performance (i.e., the hotspot temperature 

reduction), the design of transistor-TEC system should consider other factors including the space 

confinements, passive cooling and the economical factor (i.e., power consumption). Generally 

speaking, a high TEC cooling performance can only be obtained at the expense of a large lateral 

TEC area and a high TEC power. These trade-off effects should be seriously reviewed when 

designing a space- and power-efficient microelectronic device. Moreover, an efficient TEC also 

results in degradation of passive cooling due to the introduction of low thermal conductivity 

thermoelectric material. Detailed analysis regarding the trade-off effects among the 

abovementioned factors can be found in section 3.2 and 5.2. 

While the steady-state TEC shows promising cooling performance under stationary heating 

conditions, it is more applicable and effective to implement the transient TEC cooling. To 

investigate the transient TEC effect, we utilize a transient TEC current pulse to cool down both a 

constant heat flux (section 4.1) and a transient heat pulse (section 4.2). For both scenarios, the 

supercooling effect is observed during the simulation, where a temporal mismatch of the Peltier 

effect and the volumetric Joule effect results in a much greater temperature reduction, followed by 

a delayed temperature overshoot. For some situations, this temperature overshoot may heat up the 

device instead. At this point, an optimal TEC current pulse helps to alleviate the side effect and  

maximize the cooling. More detailed discussion regarding the TEC current pulse optimization, 

including amplitude, temporal location, duration and shape is performed in section 4.2. 

Nowadays, the integration of high-power-density transistor arrays have become a common 

practice, which enlightens us to explore the possibilities of TEC array design. In chapter 5, we 

perform the simulation of transistor-TEC array system. Three different array designs are 

demonstrated for comparison and the preliminary optimization results are performed. In brief, the 
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individual TEC design (i.e., design #1) has the best TEC cooling performance while the single 

TEC design (i.e., design #2) provides the lowest TEC OFF temperature. Detailed analysis 

regarding uniform hotspot condition and dynamic hotspot condition can be found separately in 

section 5.2 and 5.3. 

In conclusion, the holey silicon-based lateral TEC has demonstrated promising TEC 

cooling performance for the microelectronic devices. Future efforts will be focusing on the TEC 

device demonstration, verification of the simulation results, and machine learning-based optimal 

cooling. Actual fabrication will be carried out in the cleanroom using lithography, dry etching and 

metal deposition. Further electrical and thermal characterization will be performed using the actual 

TEC device.  
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