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Abstract 

 

Thermoelectric (TE) materials can be used for direct conversion between the thermal 

and electrical energy, which is promising for power generating and refrigeration. TE 

performance can be evaluated by the TE figure of merit ZT = 37/8/"	, where S, σ, k, T 

represent the Seebeck coefficient, electrical conductivity, thermal conductivity, and 

absolute temperature. One challenge of TE research is to achieve a high power factor 37/ 

but a low "  in the same material. This requirement can be satisfied in various 

nanostructured materials such as thin films or 2D materials with periodic nanopores. In 

these materials, a significant reduction in the lattice part of the thermal conductivity (kL) 

can be observed. The power factor 37/ can be further improved in periodic nanoporous 

graphene called a graphene antidot lattice (GAL). When the neck width between the 

nanopores is around 10 nm or less, an electronic band gap can be opened in a semi-metal 

graphene to dramatically increase 37/.  Further 37/ enhancement can be achieved by 

tuning the Fermi level with a gate voltage.  

 In this dissertation, the in-plane heat conduction has been studied using periodic 

nanoporous Si films as the test bed. Different from previous studies focusing on the thermal 

conductivity measurements only, the specific heat has been simultaneously measured to 

further justify when wave effects can be critical to the thermal transport. Along another 

line, the cross-plane thermal studies have been carried out on nanoporous In0.1Ga0.9N alloy 

films directly grown on a substrate, as the first attempt for thermal studies of such 

nanoporous films. Pore-edge defects introduced by typically drilling techniques is 

minimized in this case to simplify the thermal analysis. For electrical studies, 



 15 

representative GALs have been measured for their enhanced power factors due to the 

opened electronic band gap and applied gate voltage. By analyzing the maximum gate-

tuned Seebeck coefficient, the dominant scattering mechanism of charge carriers can be 

identified as the scattering by pore-edge-trapped charges. 
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Chapter 1 Introduction 

 

1.1 Introduction to Thermoelectric Materials 

1.1.1 Thermoelectric Device 

Global energy consumption has increased dramatically due to economic growth.  

Traditional energy resources are not sustainable in the long term, such as natural gas, coal, 

and petroleum. The other concern is on CO2 emission from traditional resources, which 

causes global warming. Renewable energy resources are considered as necessary 

alternatives. Figure 1.1 shows the U.S. energy consumption in 2017, as released by the 

Lawrence Livermore National Laboratory. It can be observed that renewable energy 

resources contribution is only 14.5% of the total energy consumed. It should be noted that 

66.7% of energy is lost in the form of waste heat. In addition to improving the energy 

efficiency of various applications, waste heat recovery has also attracted enormous 

attention. 

For energy-related applications, thermoelectric (TE) devices have drawn attention due 

to its ability to enable direct conversion between the thermal and electrical energy [1]. TE 

devices have the advantages of high reliability, environmental friendliness, no moving 

parts, no gravity limitation, etc. Due to these advantages, TE devices are widely used in 

deep-space exploration developed by The National Aeronautics and Space Administration 

(NASA). NASA successfully implemented radioisotope TE power generators on 

spacecraft to directly convert nuclear heat into electricity [2]. Beyond aerospace 

applications, TE power generators have also been employed to produce electricity from the 

waste heat in vehicle exhaust gas [3], or solar-radiation heat as a cheaper alternative to 
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solar cells [4].  Other than power generation, electronic TE-based cooler is also widely 

studied for microprocessor cooling systems [5].  

TE devices are working based on two basic effects: The Seebeck effect for power 

generation and Peltier effect for refrigeration.  In the following Sections 1.1.2 and 1.1.3, 

these two effects will be introduced in detail. 

 

Figure 1.1 The 2017 energy flow charts released by Lawrence Livermore National 

Laboratory details the source of energy production. Source: LLNL April 2018. Data is 

based on DOE/ETA MER (2017). LLNL-MI-410527. 

 

1.1.2 Seebeck Effect for Power Generation 

In 1821, the German scientist Thomas Johann Seebeck found that a circuit made from 

two dissimilar metals, with the junction at different temperatures would deflect a compass 

magnet [6]. As shown in Figure 1.2, the temperature difference drives charge carriers in a 

material (i.e., electrons for n-type materials and holes for p-type materials) to diffuse from 

the hot side to cold side. Then a potential difference is produced, which can drive an electric 

current in a closed circuit. This phenomenon is called the Seebeck effect. The measured 
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voltage :, is directly related to :8 by a proportional coefficient, which is known as the 

Seebeck coefficient [7] 

3 = −<=
<>

.          (1.1) 

Here, a positive voltage is expected for an n-type material and a negative voltage is 

expected for a p-type material. 

 

Figure 1.2 Illustration of the Seebeck effect for the power generation. An applied 

temperature difference causes charge carries (electrons and holes) in the material to diffuse 

from the hot side (TH) to the cold side (TC). An electric current I flows through the circuit 

[8].  
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1.1.3 Peltier Effect for Refrigeration 

For cooling applications, the Peltier effect is the release or absorption of heat at an 

electrified junction between two dissimilar materials when electric charges flow through 

the junction. As shown in Figure 1.3, charge carriers carry the heat from the upper junction 

to the lower junction and induce a temperature difference. It was discovered in 1834 by the 

French physicist Jean Peltier.  

 

Figure 1.3 Illustration of Peltier effect for the active refrigeration. For n-type materials, 

heat-carrying electrons flow from the upper end to the lower end. For p-type materials, 

heat-carrying holes flow from the upper end to the lower end [8]. 

 

The magnitude of the Peltier effect is defined by the Peltier coefficient, ?, which is the 

ratio between the heat current and electric current. The Peltier coefficient is related to the 

Seebeck coefficient by the expression 
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? = 38.          (1.2) 

In an n-type material, the thermal current and electric current are along opposite directions, 

leading to a negative ?. In a p-type material, the thermal current and electric current are in 

the same directions so that ? is positive. 

For a circuit made up of two dissimilar materials A and B, heat is released or absorbed 

at the junction. The rate q of heat released or absorbed at the junction is 

@ = (?A − ?B)C,         (1.3) 

where I is the electric current, ΠA	and	ΠB  are the Peltier’s coefficients of the two 

conductors.  

 

1.1.4 Thermal Efficiency and TE Figure of Merit 

The efficiency of a TE power generator is F = GH/@I, where GH is the electrical power 

output and @I is the rate of heat injected from the high-temperature heat reservoir [9]. If 

the TE cycle is fully reversible, the efficiency of a TE system with a hot end at temperature 

Th and a cold end at temperature Tc should reach the theoretical Carnot efficiency FJKLMNO =

1 − 8Q/8I . Practically, due to the irreversible losses (e.g., Joule heating and thermal 

conduction), the maximum TE efficiency can be written as [10] 

FRKS =
>TU>V
>T

× √YZ[>UY

√YZ[>Z
\V
\T

.        (1.4) 

Here ZT is known as the TE figure of merit and is a dimensionless parameter that evaluates 

the performance of a TE material. A higher ZT indicates a better TE material. ZT is defined 

as 

ZT = ]^_
`
8,         (1.5) 
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where S, σ, k, T represent the Seebeck coefficient, electrical conductivity, thermal 

conductivity, and absolute temperature. In general, k can be further split into two parts: the 

electrical contribution kE, and lattice contribution kL. The term S2σ is called the power factor. 

A high power factor indicates a high power can be generated by a TE power generator.  

Different from the power generation mode, the coefficient of performance of a TE 

refrigerator is 

a1G = >V
>TU>V

×
√YZ[>Ub

\T
\V
c

√YZ[>ZY
.       (1.6) 

 

1.1.5 ZT Enhancement 

TE power generation efficiency is lower than that for conventional energy technologies 

(Figure 1.4), due to the low ZTs for existing materials.  

 

Figure 1.4 Power generation efficiency of TE power generators and conventional energy-

conversion technologies versus hot side temperature [11]. 
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In principle, good TE materials should have a high-power factor S2σ but a low thermal 

conductivity k, which is challenging to be balanced within the same material. Despite 

decades of research, there are still very limited choices for high-performance and abundant 

TE materials (Figure 1.5). Dominant TE materials are heavily based on toxic, rare and 

expensive elements, such as Te in Bi2Te3 and PbTe. In addition, new bulk materials using 

Sb, including CoSb3, InSb, and Mg3Sb2, are at high risk of price fluctuations due to 

temporarily halted Sb production in China, as 90% of the Sb is produced by China [12]. 

This largely hinders the wide applications of TE technology.  

 

Figure 1.5 Timeline of maximum ZT of some representative TE materials [13]. 

 

1.2 Periodic Nanoporous Films as TE Materials 

1.2.1 Nanoporous Si Thin Film 
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In recent years, the idea of using nanostructured materials for ZT enhancement has 

been proposed [13-15]. The nanostructured interfaces or boundaries inside such materials 

strongly scatter phonons but slightly affect the charge carrier transport. In this situation, "d 

can be dramatically reduced but the power factor 37/ can still be maintained, resulting in 

a higher ZT than that for bulk materials. With the nanostructuring approach, a wide range 

of unconventional materials with an intrinsically high "d may also achieve a high ZT when 

a high 37/ can be obtained. As one example, micro- and nano-porous Si thin films were 

intensively studied in the past decade due to the low price and earth abundance of Si [16-

25]. For a film with hexagonal packed pores, room-temperature ZT~0.4 was reported based 

on electrical and thermal properties separately measured with similar samples, compared 

with ZT~0.01 for solid Si films [18].   

Despite many encouraging results, inconsistency still exists among experimental and 

theoretical studies of the reduced lattice thermal conductivity for varied nanoporous 

patterns. In addition, divergence can also be found among reported data, due to the 

difference in sample preparation and measurement setups. Figure 1.6 summarizes the 

reported room-temperature "d  values [16-18, 21, 23, 26, 27], where the pitch is the 

averaged center-to-center distance between adjacent pores for both square and hexagonal 

patterns of periodic pores. In nanofabrication, the porous patterns were first defined by 

photolithography or electron beam lithography [16, 21, 23, 24, 26, 28, 29], superlattice 

nanowire pattern transfer technique [17], self-assembled block copolymer [18, 27], or a 

monolayer film of polystyrene spheres [18]. Pores were then drilled with dry etching, i.e., 

reactive ion etching (RIE) or deep reactive ion etching (DRIE). In a more recent work, 

>100 nm pores were also drilled with a focused ion beam (FIB) [30]. For data in Figure 
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1.6, the porosities and film thickness are 26% and 4.49 µm for Song and Chen [16], ~35% 

and 100 nm for Tang et al. [18], 7–35% and 500 nm for Kim et al. [21], 8.2% and 22 nm 

for Yu et al. [17], 8.7–76.2% and 150 nm for Nomura et al. [26], 17–48.8% and 100±10 

nm for Lim et al. [27], respectively. In addition, the nanoladders measured by Marconnet 

et al. [23] have a 200 nm thickness, 570 nm width, and 18.8 μm total length. The middle 

10-μm-long region of a nanoladder is patterned with 385-nm-pitched pores, with porosity 

of 4.3–28% for the porous region. For some heavily doped samples measured by Tang et 

al. [18], Lim et al. [27], and Yu et al. [17], the electronic "e is further deducted from ". 

The Wiedemann-Franz law is employed to compute "e = #/8  , in which the metallic 

Lorenz number # ≈ 2.4 × 10Uk	lΩ/n7 is used [31]. To compare with " of a solid film, 

experimental data in Figure 1.6 are divided with a volume correction factor 

(1 − %)/(1 + %), as proposed by Hashin and Shtrikman [32]. 

 

Figure 1.6 Comparison between predicted (lines) and measured (symbols) in-plane "d	of 

porous Si films at 300 K. With % corrections, all values are for the corresponding solid 

film [33]. 
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Theoretically, two hypotheses were proposed to explain the observed kL reduction: Pore-

edge defects and phononic effects. The detailed comparison between these two hypotheses 

will be discussed in Chapter 2. Pore-edge defects, such as amorphization and oxidation, 

can effectively expand the pore size. In this case, particle-like phonons as quantized lattice 

vibration energy are considered for heat transport. When the lattice vibration is viewed as 

waves, the incoming wave and wave reflected by the periodic interface/boundary may 

cancel out each other so that these phonon modes cannot propagate in the structure (Figure 

1.7a).  Such wave interference can modify the phonon dispersion and thus lower phonon 

group velocities. A phononic bandgap can also be opened inside the periodic structures to 

block heat transfer (Figure 1.7b) [34]. The overall "d can be dramatically reduced. 

 

Figure 1.7 (a) When a wave comes into a periodic structure, waves are reflected by the 

interfaces. If these waves interfere constructively, the incident wave and the reflected 

waves cancel out each other and prevent the propagation of the wave [35]. (b) Phononic 

bandgap inside a periodic nanoporous structure [34]. 

 
(a) 

(b) 
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1.2.2 Nanoporous In0.1Ga0.9N Film 

GaN high electron mobility transistors (HEMTs) are extremely promising in high-

power and/or high-frequency application, while the over-heating problem hinders the 

development. Nanoporous In0.1Ga0.9N thin films can be used for on-chip TE cooling to 

effectively remove heat from the hot spot within GaN-based transistors. First, GaN-based 

alloys have a thermal expansion coefficient close to that for GaN [36]. Second, the power 

factor S2σ of GaN alloys can be better than those for the state-of-the-art high-temperature 

TE materials such as SixGe1-x alloys [37]. Following this, an even high ZT can be achieved 

in nanoporous films of GaN alloys, with a reduced lattice thermal conductivity and bulk-

like electrical properties. 

 

1.2.3 Graphene Antidot Lattices 

As one of the gapless 2D material, graphene has attracted enormous attention for its 

remarkable electrical characteristics [38, 39] since its discovery in 2004. In practice, 

however, graphene is a semimetal with a zero bandgap (Eg), which prohibits switching off 

the graphene channels in field-effect transistors and building functional junctions in 

graphene optoelectronics. To address this critical problem, various approaches have been 

explored to open a bandgap in graphene [40]. Graphene antidot lattices (GALs) are viewed 

as one effective method to reach this goal by patterning periodic nano- or sub-1-nm pores 

(antidots) across graphene. 

GALs [41-43] can achieve the desired band gap (Eg) while preserving the ultrahigh 

charge carrier mobility. Such nanoporous graphene can be designed to introduce a 
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structure-determined bandgap in semimetal graphene, along with dramatic changes in its 

thermal, optical, and magnetic properties. 

In a high porous GALs (Figure 1.8), charge carriers mainly flow through the narrow 

neck width n between adjacent pores. Charge carries are quantum confined by n, which 

can open a band gap in semimetal graphene.  In principle, GALs are often compared to 

graphene nanoribbons [44] with quantum confinement by its narrow width w (~10 nm). 

The obtained Eg of such ribbons is inversely proportional to w and is estimated as Eg ~0.2-

1.5 eV nm/w [45-47]. However, narrow graphene nanoribbons cannot carry sufficiently 

large currents, which is unfavorable for device applications. 

 

Figure 1.8 Hexagonal-patterned GALs with periodicity p and neck width n. 

 

In Figure 1.9, the cylindrical potential field formed around each pore due to edge-

trapped charges. For nanoporous materials, such charge trapping is anticipated on the pore 

edges. In particular, gas molecules adsorbed on pore edges, such as oxygen and nitrogen, 

will also induce pore-edge charges. By filtering out the low-energy charge carriers, the 

Seebeck coefficient, defined as the average energy difference between charge carriers and 

p 

n 



 28 

the Fermi level, will be enhanced. The electrical conductivity will be reduced but the power 

factor may benefit. In comparable nanoporous Si thin films, σ reduction due to the carrier 

depletion by surface states was suggested, which was confirmed by σ enhancement with 

atomic layer deposition of Al2O3 for surface passivation [18]. Similar effects are well 

known for polycrystals, where the broken bonds on grain boundaries would trap nearby 

charge carriers and lead to a depletion region near a grain boundary [48]. For small grains, 

they could be completely depleted, and the carrier concentration could be dramatically 

changed from that for the bulk counterpart.  

 

Figure 1.9 Cylindrical electrical field around a pore with edge defects to trap nearby 

electron [49]. 

 

1.3 Applications of Nanoporous TE Devices 

Using nanoporous thin films to improve ZTs is an effective approach in TE applications. 

With different doping, these nanoporous thin films can be turned into p-type and n-type 

materials. Figure 1.10 demonstrates how to use nanoporous thin films for device cooling 
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applications, as proposed by El-Kady et al. [50]. The p-type and n-type materials are made 

of nanoporous films with a high ZT. The performance of TE power generation or cooling 

will be improved. 

 

Figure 1.10 High-ZT TE device with porous films [50]. 

 

1.4 The Scope and Organization of This Dissertation 

This dissertation focuses on the TE studies of nanoporous Si thin films, nanoporous 

In0.1Ga0.9N thin films, and GALs. The thin film measurements are on the thermal 

conductivity reduction with varied nanoporous structures. For GALs, the focus will instead 

be on how the narrow neck width can change the electrical properties. 

In Chapter 2, nanoporous Si films with pitches on the order of 100 nm are studied. 

Various alligned nanoporour Si thin films are drilled either by dry etching or a FIB. The 

diameter/pitch cominations include 300/600, 200/400, 100/200, and 50/150 nm. In addition 

to thermal conductivity measurements, the specific heat of the nanoporous films is also 

measured.  
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In Chapter 3, nanoporous In0.1Ga0.9N thin films with varied porous patterns are directly 

grown on a patterned sapphire substrate. Cross-plane thermal conductivities are measured 

with the time-domain thermoreflectance technique (TDTR). 

In Chapter 4, the electrical properties of GALs are further studied. The gate-voltage-

dependent electrical conductivity and Seebeck coefficient for a GAL are measured. By 

analyzing the maximum Seebeck coefficient with a tuned gate voltage and thus shifted 

Fermi levels, the energy sensitivity of charge-carrier scattering and thus the dominant 

scattering mechanisms are revealed for GALs. 

Finally, the future research expectations are discussed in Chapter 5.  
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Chapter 2 In-Plane Thermal Studies of Nanoporous Si Thin Films  

 

2.1 Introduction 

At the nanoscale, phonon transport can be largely suppressed by phonon scattering at 

nanostructured boundaries or interfaces. A better understanding of phonon scattering by 

boundaries and interfaces is critical to many nanotechnology applications, such as thermal 

management of high-power electronics [1], TE materials for power generation and 

refrigeration [2-4], phonon focusing [5], and thermal insulation [6]. As one example, 

micro- and nano-porous TE Si thin films were intensively studied in the past two decades 

due to the low price and earth abundance of Si [6-8]. A good TE material should have a 

high electrical conductivity /, a high Seebeck coefficient 3, but a low thermal conductivity 

" [9]. By introducing nanopores, high TE performance was achieved in thin films with 

bulk-like electrical properties but dramatically reduced lattice thermal conductivity "d [10, 

11]. 

In the literature, special attention has been paid to the large discrepancy in the reported 

"d values of periodic porous Si films. In experiments, the nano- or micro-pores were often 

drilled with dry etching, i.e., RIE [5, 10, 12-17] or DRIE [11, 18-20]. Pores with >100 nm 

diameters were also drilled with a FIB [21]. Besides some studies [5, 13-20], the in-plane 

"d at room temperature was much lower than theoretical predictions that assumed bulk-

like phonon transport and diffusive phonon scattering by pore edges [22, 23]. Further 

considering the diffusive phonon scattering by the top and bottom surfaces of a thin film 

did not largely reduce the divergence for ~100 nm or shorter pitches.  
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In one hypothesis, the observed "d reduction has been attributed to the coherent phonon 

transport within the periodic nanoporous structure [10, 15, 24, 25], which can modify the 

phonon dispersion and thus lower the "d. At 300 K, such “phononic effects” can be critical 

to superlattices with atomically smooth interfaces and <5 nm periods [26]. However, the 

studied nanoporous thin films usually have a structure feature size of ~10 nm to 

micrometers, which is much larger than the dominant phonon wavelength for Si (1–10 nm 

at 300 K [27, 28]). In addition, the usually rough pore edges should diffusively scatter 

phonons so that the phonon phase and coherence are destroyed. The phononic effects are 

anticipated to be weak in this case. More recent comparison studies between periodic and 

aperiodic nanoporous films further suggested negligible phononic effects above 10 K for 

films with 300 nm pitches [16], and above 14 K for Si nanomeshes with >100 nm pitches 

[19]. This conclusion was also supported by measurements on Si nanoporous films with 

200–300 nm pitch, where incoherent phonon transport was confirmed at 300–1000 K [29].  

Only considering incoherent phonon transport, calculations for nanoporous films [27] 

agreed well with the measurements by El-Kady et al. for nanoporous films with 500–900 

nm pitch, 7–38% porosity, and 500 nm film thickness [30]. Similarly, agreement with 

theoretical modeling was also found in recent cross-plane " measurements on nanoporous 

In0.1Ga0.9N films with 450–900 nm pitches and a fixed 300 nm pore diameter [31]. This 

contradicted with earlier cross-plane thermal measurements on nanoporous Si films with 

sub-micron feature sizes, where phononic effects were proposed to explain the "d 

reduction [24]. For even smaller features, the measurement data of nanoporous films with 

a ~34 nm pitch [10] were successfully explained with a slightly expanded effective pore 

diameter to account for the pore-edge amorphization and oxidation [28]. These pore-edge 
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defects were emphasized in molecular dynamics simulations [32, 33] and were found in 

the transmission electron microscopy (TEM) [11] or scanning electron microscopy (SEM) 

[16] studies of the real samples. As one example to show the influence of fabrication-

introduced surface defects on phonon transport, " of RIE-patterned Si nanowires [34] was 

far lower than that for Si nanowires synthesized by the vapor-liquid-solid method [35].  

For phonon transport analysis of nanoporous thin films, different bulk phonon mean free 

paths (MFPs) and phonon dispersion employed may lead to some divergence. On the other 

side, the accuracy of some cited measurements should also be questioned. In some studies, 

a thin-film sample was transferred onto a micro-device for measurements. The possibly 

large thermal contact resistance between a thin film and the microdevice may overshadow 

the thermal resistance of the film itself and lead to large underestimation for reported " 

value [10, 11]. Some unphysical fluctuations were found in temperature-dependent " 

values, indicating a possible variation of the sample-device thermal contact during thermal 

measurements [10, 11]. Furthermore, some distortion and damage of a fragile nanoporous 

film during the film transfer and the following fabrication processes may also strongly 

affect "d. Such issues were addressed in more recent studies using an integrated device 

fabricated from the same Si film or using micro time-domain thermoreflectance 

measurements on a suspended sample, where the measured "  values were mostly 

comparable to or higher than the theoretical predictions at 300 K [5, 13-16, 18-20].  

As another important aspect of thermal studies, the nanopore-drilling processes are less 

emphasized for their impact on pore-edge defects. In practice, the pore-edge defects can 

vary significantly when different etching gases and conditions for RIE or DRIE are used. 

Increased pore-edge defects are anticipated for FIB drilling with typically more surface 
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damages [36]. Therefore, it is hard to directly compare results by different researchers due 

to the sample variation. To address this issue, this work aims to better understand the 

impact of the selected nanopore-drilling technique on the resulting "d. Systematic thermal 

studies were carried out on nanoporous Si thin films with pitches on the order of 100 nm, 

where nanopores were drilled with a FIB or DRIE. With more pore-edge defects, 

nanoporous films patterned by a FIB consistently showed a lower in-plane " comparing to 

those for films drilled by DRIE. To justify the phonon dispersion modification, the 

volumetric specific heat C of the nanoporous thin films was also measured. In existing 

studies, the measured " values could be affected by both phononic effects and pore-edge 

defects, which were hard to be distinguished. In contrast, C should only depend on the 

phonon dispersion and can be used to justify the existence of phononic effects. For studied 

nanoporous thin films, temperature-dependent C values were consistent with the estimation 

using bulk-material C values, indicating a negligible variation of the phonon dispersion. 

The measured " values also agreed well with predictions by phonon Monte Carlo (MC) 

simulations that used an effective pore diameter considering pore-edge defects revealed by 

electron microscopy studies. Coherent phonon transport was not required to explain the 

observed " reduction. The results from this work provided important guidance for phonon 

engineering in nanoporous materials. 

 

2.2 Device Fabrication 

An integrated microdevice to measure a nanoporous Si film was fabricated from the 

220-nm-thick device layer of a silicon-on-insulator (SOI) wafer. The microdevice had the 

measured nanoporous film in the center of the device, with four electrical probes connected 
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to the film. The whole device was defined by electron beam lithography (EBL) and then 

etched by DRIE. The fabrication process is presented in Figure 2.1. First, the sample was 

covered with SiO2 by plasma enhanced chemical vapor deposition (PECVD), which was 

later used as a hard mask. Second, a layer of polymethyl methacrylate (PMMA) photoresist 

was spin-coated onto the surface. The nanoporous film and the four electrical probes were 

defined by EBL. After development, the pattern was transferred onto the Si thin film with 

dry etch. The whole microdevice was fully suspended by etching off the underneath oxide 

layer with hydrofluoric acid (HF). Because the employed Si layer has a very low electrical 

conductivity (5–10 S/m), the whole structure was further coated with a 10-nm-thick Cr 

adhesion layer and then a 40-nm-thick Pt layer. The metallic coating was used as both 

heater and electrical-resistance thermometer in thermal studies, whereas current leakage 

through the Si thin film was neglected. 

 

Figure 2.1 Fabrication process of a suspended device with the measured nanoporous Si 

thin film in the middle.  

220 nm SOI wafer + 
Deposited 100 nm SiO2 

Spin-coating 
photoresist 

EBL to define the device 
structure 

Dry etch the whole device 
(with nanopores) 

HF wet etch → 
Suspended device 

Deposit Cr/Pt 

E-beam 
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The suspended nanoporous Si thin film device is shown by the SEM image in Figure 

2.2a. The measured nanoporous film was 20 μm in length and 2 μm in width. The 

diameter/pitch combinations of aligned nanopores included 300/600, 200/400, 100/200, 

and 50/150 nm. The three larger porous patterns showed well-defined pore shape and 

generally <5 nm uncertainties in pore diameters (Figure 2.2b). However, the smallest 50-

nm-diameter pores became irregular after etching and the averaged porosity %  was 

estimated as 31% using software (ImageJ) to read the SEM image (Figure 2.2c). The 

effective pore diameter was estimated as 94 nm. In comparison, similar nanoporous films 

were also fabricated using a FIB for the 300/600 nm and 200/400 nm patterns. Instead, 10-

nm-thick Cr and 20-nm-thick Au layers were coated onto FIB samples. Unlike DRIE 

drilling, even smaller pores could not be fabricated due to the limited aspect ratio for FIB 

drilling.  

 

Figure 2.2 The SEM images of (a) suspended nanoporous Si film (diameter/pitch as 

100/200 nm) with four electrical probes for thermal measurements and (b) the nanopores 

on this film. (c) The SEM image of film with irregular pores over-etched from 50 nm to 94 

nm in the average diameter. Scale bars are 10, 4, and 2 µm from (a) to (c), respectively. 
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2.2.1 EBL for Nanopatterning 

For the patterning of nanosized features, EBL is employed here. In this technique, a 

focused beam of electrons is scanned across electron-sensitive photoresist according to the 

designed patterns. The ultrashort electron wavelengths ensure much better spatial 

resolutions than photolithography that is often used for micropatterning. 

In our studies, ELS-7000 100 kV EBL system from Elionix Inc. is used (Figure 2.3b). 

This system is capable of writing lines as narrow as 6 nm. Figure 2.3a shows the schematic 

of a general EBL system. An EBL system usually contains an electron source, two or more 

lenses, a blanker for turning the beam on and off, apertures to limit the beam. The electron 

beam is generated and accelerated from an electron emitter by heating a metallic filament. 

Electrons are focused by a condense lens. Beam-limiting apertures are small holes can 

prevent the beam from scanning at the areas outside patterns. 

 

Figure 2.3 (a) Schematic of an EBL system. (b) ELS-7000 100 kV EBL system. 

 

(a) (b) 
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PMMA has been used as a standard photoresist for EBL [37]. When exposed under an 

electron beam, the long polymer chains of PMMA are broken into smaller chains which 

are soluble to appropriate solvents, such as methyl isobutyl ketone (MIBK). 

In our work, PMMA is usually developed with diluted MIBK (MIBK: IPA = 1:3). A 

cold developer, IPA: MIBK (3:1) with 1.5 vol% methyl ethyl ketone (MEK) under 4–8°C, 

is used as the developer for smaller features (< 20 nm), because of its high selectivity for 

removing electron-beam-radiated PMMA rather than the pristine PMMA [38].  

 

2.2.2 Dry Etching for Pore Drilling 

After patterns are defined on the photoresist, the feature can be transferred onto the 

substrate by etching. The photoresist functions as a mask to protect other regions from 

being etched. Etching is an important method during nanofabrication for material removal. 

There are two basis etching types of etching techniques, i.e., using liquid-phase etchants 

(wet etching) and plasma-phase etchants (dry etching). 

Wet etching uses liquid chemicals or etchants to remove materials. Its process can be 

described by three steps: 1) Diffusion of the liquid etchant to the target surface; 2) reaction 

between the etchant and the target material; 3) diffusion of the byproducts in the reaction 

from the target surface. 

Dry etching uses plasmas or gaseous etchants to remove the target material. The 

reaction can be done by physical dry etching, chemical dry etching or a combination of 

both. Physical dry etching uses high energy kinetic energy particle beams (ion, electron, or 

photon) to knock out the atoms from the substrate surface, and the martial evaporates after 

leaving the substrate. Chemical dry etching uses a chemical reaction between etchant gases 
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to attack the substrate material. Some of the ions that are used in chemical dry etching are 

tetrafluoromethane (CF4), sulfur hexafluoride (SF6), trifluoromethane (CHF3) or chlorine 

gas (Cl2). Physical-chemical dry etching is a combination of physical dry etching and 

chemical dry etching. One of the most widely used physical-chemical etching techniques 

is RIE, which can achieve a high level of resolution. Reactant gases are excited to ions and 

driven to substrate surface under a low pressure and a high electrical field. A special 

technique called DRIE is used in our work, which can achieve a high-aspect-ratio structure. 

DRIE is a cyclic process of repeated etching and deposition steps (Figure 2.4) [39]. After 

each etching step, a passivation layer is deposited to protect the sidewall against etching. 

Under correct conditions and by repeating such two-step cycles, very deep structures can 

be obtained, with high aspect ratios. 

 

Figure 2.4 Schematic diagram of the DRIE process. 
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2.2.3 FIB for Patterning without Photoresist Masks 

Without patterned photoresists as the mask for dry etching, a FIB can be used to directly 

drill patterns on a material. Figure 2.5 shows our employed Helios Nanolab 660 as a FIB 

with its equipped SEM. 

Combined FIB/SEM setup is shown in Figure 2.5b. FIB can directly mill the sample 

surface (Figure 2.5c) or write lines via deposition (usually C or Pt) via a gas injection 

system (Figure 2.5d). 

 

 

Figure 2.5 (a) NanoLab 660 dual beam FIB/SEM microscopy in Kuiper imaging center, 

University of Arizona. (b) Schematic of a FIB/SEM microscopy. (c) Ion beam milling: 

ionized atoms (Ga+) is accelerated and focused onto sample surface to remove target atoms. 

(d) Ion beam-assisted deposition: the ion beam is used to deposit gaseous material released 

from a gas injection needle onto the sample surface [40]. 

 

 

(a) 

 

(b) 

(c) (d) 
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2.3 3w Measurement to Extract Both C and k of a Nanoporous Film 

The challenge in the thermal studies of nanoporous thin films lies in that "d  can be 

affected by both the phonon dispersion modification and the scattering by amorphous pore 

edges. These two effects are difficult to be distinguished in the "d analysis. In this work, 

this issue is addressed with specific heat measurements on a suspended nanoporous Si film, 

in addition to its in-plane " measurements. In physics, C is solely dependent on the phonon 

dispersion, whereas "d also relies on the phonon scattering. The C and "d measurements 

shown here can be applied to general nanoporous Si films to better understand the influence 

of amorphous pore edges and phononic effect on their "d.  

As shown in Figure 2.6, an AC heating current C = CHsin(.r)  is passed through a 

suspended sample, with CH as the amplitude and ω as the angular frequency. A temperature 

and thus resistance fluctuation at frequency 2ω are created along the sample, leading to a 

voltage fluctuation at 3ω across the sample. Both the in-plane " ≈ "d  and volumetric 

specific heat C of a nanoporous film can be extracted from 3w measurements developed 

for suspended samples [41]. The measured specific heat per unit volume, C, is divided by 

1 − % to obtain the C value for the corresponding solid film. Figure 2.7a and 2.7b show 

fitting for frequency-dependent tan(*) and V3ω functions at room temperature, where * 

and V3ω are the phase angle and root-mean-square voltage value of the 3w signal, 

respectively. The black circles and fitting are for a solid film, whereas the blue circles and 

fitting are for a nanoporous film. Due to the higher thermal diffusivity s and thus reduced 

time constant t  for the suspended device, negligible V3ω variation in Figure 2.7b is 

observed for a solid film. At reduced temperatures, t also becomes smaller due to typically 
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increased s. Nevertheless, " can always be accurately determined at the .t → 0 limit in 

Figure 2.7b.  

 

Figure 2.6 Schematic diagram of 3w measurement on a suspended sample. 

 

It should be noted that similar devices were fabricated by Marconnet et al. [12] to 

measure the k values of a nanoladder with DC self-heating. However, their nanoladders 

were only patterned in the middle 10-μm-long region of a suspended nanobridge, adding 

complexity to the data analysis. To simplify, this work patterned nanopores across a whole 

suspended film. The introduction of AC heating not only improved the measurement 

accuracy but also allowed investigation of the specific heat to justify the hypothesized 

phononic effects. When compared with measurements loading the thin-film samples onto 

a suspended microdevice [10, 11, 21], the current measurement device integrated the film 

and the temperature sensor (i.e., metal coating) and thus eliminated the critical thermal 

contact between the film and the microdevice. The sample distortion and possible damage 

during the transfer were also avoided. For all samples, the AC and DC measurements were 

compared for the measured "  values and the divergence was typically within 5%. In 

estimation, the influence of radiation loss along the sample was below 1‰. 
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Figure 2.7 Frequency dependence of (a) tan	(*) and (b) ,vw in a typical 3. measurement 

for a nanoporous film (blue) and a solid film (black). Here symbols are measurement data 

and lines are for fitting.  

 

2.4 Data Analysis 

2.4.1 Uncertainty Analysis 

In data analysis, as shown in Figure 2.7a, t is given by fitting   

tan* ≈ 2.t.         (2.1)  

The measured voltage follows  

,vw ≈
xyz{{|

}~�YZ(7wÄ)^
d
`]

,        (2.2)  

in which V3ω and current C = CH/√2 are both in root-mean-square values, # is the sample 

length, 3 is the cross-section area, Å is the electrical resistance and ÅÇ = :Å/:8. Fitting 

the ,vw~1/"�1 + (2.t)7 curve further yields " (Figure 2.7b). The volumetric specific 

heat C is then given as a ≈ Ñ7"t/#7. This value is divided by (1 − %) to find the specific 

heat for the solid counterpart of a porous film. 

The time constant t for the length-direction heat spreading along the sample is  

t = Ö7/(Ñ7s),         (2.3) 

(b) 

(a) 
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with α as the thermal diffusivity. In data analysis, t is given by fitting tan* ≈ 2.t (Figure 

2.7a). Fitting the ,vw~1/"�1 + (2.t)7 curve further yields " (Figure 2.7b). The specific 

heat per unit volume a is then given as  

a ≈ Ñ7"t/Ö7,         (2.4) 

which can be divided by 1 − % to find the specific heat for the solid counterpart of a porous 

film.  

When the suspended sample consists of a Si film and a metallic coating layer, the 

thermal resistance of the bilayer film, Ö/("3) in Equation (2.2), becomes the equivalent 

thermal resistance of the bilayer film. The fitted " can be viewed as the effective thermal 

conductivity "Üáá for the whole bilayer film. This effective " in Equation (2.2) is then used 

in Equation (2.4) to compute a for the bilayer film. 

In measurements, the constant AC current is provided by the Keithley 6221 DC/AC 

current source, with 1% error. The 1ω signal across the film is subtracted using a common 

differential amplifier circuit with a reference resistor serially connected with the measured 

film. The 3ω signal is collected by a SR830 lock-in amplifier (Stanford Research Systems). 

The gain accuracy of the lock-in is considered as 1%. The electrical resistance of the film, 

which is mainly contributed by the metal layer, is measured as a function of temperature 

to extract ÅÇ in Equation (2.2). The temperature coefficient of resistance of the metal layer, 

ÅÇ/R300K, is calibrated for each sample and used in the thermal analysis. In addition, the 

temperature of the cryogenic-chamber is also read from the Å variation of each sample 

when a weak sensing current is used for Å measurements. 

For all temperature-dependent measurements, the maximum AC frequency is up to ~20 

kHz. The RMS value of the heating current is fixed at 0.25–0.5 mA. For a solid film, the 
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current is increased to 1 mA at low temperatures to enhance the signal. In all cases, the 

average temperature rise is 2–5 K along the film. The relatively large film length is 

particularly selected to increase the time constant t~#7 for 3ω measurements. When the 

slope of the tan	(*) − . curve is fitted to extract t, the small relative phase error (<0.01° 

for SR830) ensures accurate t measurements even for a solid thin film with the lowest t 

value. 

The uncertainty of the time constant t in Equation (2.1) is 

àÄ =
<OKM∅
<∅

ä∅
7w
= ä∅

7w ãåç^ ∅
	,       (2.5) 

where the uncertainty of the phase angle is à∅ = 0.01° and àÄ is estimated at the maximum 

angular frequency .. 

Using Equation (2.2) and fitted t, the thermal conductance G of the bilayer film is 

è = "Üáá3/Ö ≈
xyz{{|

}~�YZ(7wÄ)^
Y
=zê

= xy^=ëê{|

}~�YZ(7wÄ)^
Y
=zê

,    (2.6) 

in which the RMS value of 1ω voltage ,Yw is used to evaluate the electrical resistance Å 

of a thin film at a given temperature. The uncertainty of è is 

àí = ìb
îí
îy
c
7
(ày)7 + b

îí
î=ëê

c
7
ïà=ëêñ

7
+ b îí

î=zê
c
7
ïà=zêñ

7
+ bîí

îÄ
c
7
ïàÄñ

7
ó
Y/7

	.  

           (2.7) 

The thermal conductance and thus thermal conductivity of the solid or nanoporous Si 

film can be obtained by subtracting the metal layer contribution. For the in-plane thermal 

conductance èR  of the metal layer, the Wiedemann–Franz law suggests " ≈ "e = #/8 

and thus èR = #8/Å, in which Å is the electrical resistance of the metal layer, and # is the 

Lorenz number. The thermal conductivity "]ò of the Si film is 

"]ò =
(íUíô)ö
]õú

= 	 (íUd>/{)ö
]õú

= íö
ùOõú

− d>yö
=ëêùOõú

,     (2.8) 
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where l and r are the width and thickness of a film, respectively. The subscript “Si” and 

“m” indicates Si and metallic coating, respectively. Here the error in the length Ö =20 µm 

and width W =2 µm of a suspended film can be neglected, whereas the Si film thickness 

r]ò still has 5 nm uncertainty for its 220 nm thickness. The overall uncertainty of "]ò is 

à`õú = ìb
î`õú
îí
c
7
(àí)7 + b

î`õú
îy
c
7
(ày)7 + b

î`õú
î=ëê

c
7
ïà=ëêñ

7
+ bî`õú

îOõú
c
7
(r]ò)7ó

Y/7

.  

           (2.9) 

For a solid Si film, the uncertainty is à`õú ≤ 3.5	W/(m ∙ K) and the relative error is within 

3.5% at all temperatures. For nanoporous films, the relative error is less than 4.5% in 

general.  

Using Equation (2.4), the uncertainty of the volumetric specific heat of the bilayer film 

is 

§J = •b
îJ
îÄ
c
7
ïàÄñ

7
+ bîJ

î`
c
7
(à`)7.      (2.10) 

For a solid Si film, the uncertainty is §J ≤ 80	kJ/(mv ∙ K) and the relative error is within 

11% in the whole temperature range. For nanoporous films, the relative error is within 5% 

at all temperatures.   

 

2.4.2 Estimating ! for the Metallic Coating  

In data analysis, the effective thermal conductance of the measured film also includes 

the contribution from the metal layer. The thermal conductance and thus "  of the 

nanoporous Si film can be obtained by subtracting the metal layer contribution. For the in-

plane thermal conductance Gm of the metal layer, the Wiedemann–Franz law suggests " ≈

"e = #/8 and thus	èR = #8/Å, in which Å is the electrical resistance of the metal layer. 
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In many studies, the Lorenz number # is assigned the Sommerfeld value #H=2.44×10-8 

WΩ/K2 for bulk metals [42]. For polycrystalline metallic films prepared by deposition, 

however, breakdown of the Wiedemann-Franz law is found when some heat carried by 

charge carriers can be transferred across a grain boundary via phonons though these charge 

carriers are blocked by the grain boundary. To improve the accuracy of data analysis, " 

has been measured with the 3w technique for a suspended Cr/Pt film that is deposited in 

the same condition as the metallic coating for nanoporous Si films (Figure 2.8). In the four-

probe electrical measurements, angina two pads were used for current injection and two 

pads were used for voltage detection. During the suspension of the Cr/Pt film, some under-

etching was found on the edges of the current pads, 500-nm-thick Pt square pads were 

deposited by a FIB on the edge of the current pads to facilitate heat condition. The 3ω 

measurements followed those for suspended nanoporous films with metallic coating. 

 

Figure 2.8 Suspended Cr/Pt film for thermal measurements, with 500-nm-thick Pt pads 

deposited by a FIB on both ends. Scale bar is 20 µm.  

 

Figure 2.9a shows the measured " and /, where the temperature-dependent #="//8 is 

further presented in Figure 2.9b. The computed # is lower than # ≈ 7 × 10Uk WΩ/K2 for 

I1 I2 

V1 V2 

Pt pads 
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a 37-nm-thick Au film [43] but much higher than the Sommerfeld value #H = 2.44 × 10Uk 

WΩ/K2 for bulk metals. For all temperature-dependent measurements, èR  of the Cr/Pt 

coating is within 2.6–26% of the total thermal conductance è>NOKö for the bilayer film. The 

same Lorenz number is approximated for the FIB-patterned films and the estimated èR 

only accounts for 5–13% of è>NOKö . In this case, further variation in #  has negligible 

influence on the extracted " values of these nanoporous Si films.  

 

Figure 2.9 Temperature-dependent (a) " and	/,	and (b) Lorenz numbers for the Cr/Pt film. 

 

(a) 

(b) 
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2.5 Electron Microscopy Studies for Pore-edge Defects 

The pore-edge defects were examined with an SEM [16, 17] for a suspended nanoporous 

thin film before the metal coating was deposited (Figure 2.10a). Such rough pore edges 

were typically amorphous and often oxidized. In an early study, it was hypothesized that 

the effective pore diameter should be expanded by ~200 nm surface roughness of micro-

pores drill by DRIE [18]. For DRIE-drilled samples, the width of amorphous edges was 

roughly 13, 25, 45, and 40 nm for pore sizes of 50(94), 100, 200, and 300 nm, respectively. 

Representative films after metal deposition were also cut with a FIB and then checked with 

an SEM to reveal the wavy sidewalls, where ™ determined by the top-view SEM was 

roughly (:RKS − :RòM)/2 in Figure 2.10b. Here :RòM  was the pore diameter in Figure 

2.10a. In addition, some metal deposition was also found on the sidewall. 

For FIB-drilled samples, the width of the amorphous edge was ~50 nm for both samples 

from the top-view SEM images but the edge of amorphous region became less clearly 

defined. Cross-sectional SEM images further showed tapered sidewalls, with (:RKS −

:RòM)/2 ≈ 50	´¨  in Figure 2.10c. In the literature, the damages induced by the FIB 

drilling may include an amorphous surface layer of ~10 nm thickness, Ga ion implantation, 

lattice defects (vacancies, interstitials, and dislocations), and large atom displacement 

within the collision cascade that extends tens of nanometers from the targeted surface [36]. 

Due to its exposure under the ion beam, the tapered sidewall was anticipated to be highly 

amorphous within the ~50 nm edge. Because the current 220 nm film thickness was too 

thick for TEM studies, the pore-edge defects were cross-checked with a TEM using a 70-

nm-thick film drilled with a FIB. For 200-nm-diameter pores, the amorphous region was 

50–70 nm wide (Figure 2.10d). Further check with energy dispersive x-ray spectroscopy 
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(EDX) identified Ga ion implantation both within and outside the amorphous edge (Figure 

2.10e). TEM and EDX are undertaken with the help of Fabian Medina. 

 

Figure 2.10 (a) Top-view SEM image of a suspended Si film with 200-nm-diameter 

nanopores. (b) Cross-sectional SEM image of a 200-nm-diameter nanopore drilled by 

DRIE. (c) Cross-sectional SEM image of a 200-nm-diameter nanopore drilled by a FIB. (d) 

Dark-field TEM image of a 70-nm-thick Si film with a 200-nm-diameter pore drilled by a 

FIB. (e) Element mapping with EDX for a 250-nm-diameter pore drill by a FIB on the 70-

nm-thick Si film. Scale bars are 500, 250, 200, 100 and 250 nm from (a) to (e), respectively. 

(a
) 

(b
) 

(c
) 

(d) 

(e
) 
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Consider a nanopore with an outer diameter :RKS  (radius ≠RKS) and inner diameter 

:RòM (radius ≠RòM) for the rough pore edge. Assuming the volume is half filled from :RòM 

to :RKS around each nanopore, the porosity is estimated as 

Æ = }LôúØ
^ Z(}Lô∞±^ U}LôúØ

^ )/7

≤^
,       (2.11)  

with ≥  as the period of the structure. All parameters are listed in Table 2.1. Note all 

diameter values have <5 nm uncertainties in the measurement using an SEM. 

Table 2.1 Geometry parameters for different samples. 

Drilling technique Period (nm) dmax (nm) dmin(nm) Corrected Φ 

DRIE etching 

150 120 94 (over-etched from 50 
nm) 

41% 

200 150 100 32% 

400 290 200 30% 

600 380 300 26% 

FIB 
400 300 200 32% 

600 400 300 27% 

 

2.6 Thermal Measurement Results  

 Representative ~100 nm nanoporous patterns were investigated for their impact on ". 

As the reference, a solid film was measured and its room-temperature "≈86 W/m·K agreed 

well with "≈85 W/m·K in previous studies [44]. For each nanoporous pattern, two to four 

samples were measured for films drilled by DRIE. At room temperature, the standard 

deviation of "  was within 2.3–5.1% of the average "  values for each pattern, which 

suggested high repeatability of our measurements. In addition, two FIB-drilled samples 

were measured and showed "  lower than that for films drilled by DRIE. The detailed 
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uncertainty analysis of both k and C measurements shows <5% uncertainty estimated for 

all measurements on nanoporous Si films. 

 Figure 2.11 compares the measurements and simulations for temperature-dependent 

" ≈ "d  of all nanoporous thin films. Simulations were carried out by Yue Xiao. The 

effective pore diameters are taken as :RKS shown in Figure 2.10b, which is 120, 150, 290, 

and 380 nm for the 50(94), 100, 200, and 300 nm pore diameters in DRIE-drilled films, 

respectively. For FIB-drilled films, the effective diameters for 200 and 300 nm nominal 

pore diameters are increased by 100 nm, as :RKS in Figure 2.10c. The Ga ion implantation 

during FIB cutting can further lower " with stronger point-defect scattering of phonons. 

Such effects are not considered here to simplify the analysis. In general, the measurement 

data agree well with predictions by phonon MC simulations using the effective pore 

diameters.  

 

Figure 2.11 Temperature-dependent kL of the solid and nanoporous Si thin film (symbols), 

in comparison to predictions by MC simulations (lines) using an effective pore diameter 

indicated in the legend. The diameter/pitch combinations are given in the legend. The 

colour of lines matches the corresponding measurement data. The solid lines are for DRIE 

samples and the dashed lines are for two FIB samples. 
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As one highlight of this work, Figure 2.12a presents the corresponding solid volumetric 

specific heat C for all bilayer films patterned with DRIE. For nanoporous films, all 

measured C values are normalized by dividing a factor of (1 − %). In estimation developed 

by Yue Xiao, half of the volume between two cylinders with diameters of :RòM and :RKS 

(Figure 2.10b and 2.10c) is assumed to be empty and is added to % as the correction. In 

comparison, C is also computed using the bulk specific heat for each material layer and 

their thicknesses. In SEM examination of the FIB-cut cross section, ±5 nm thickness 

uncertainties have been found in the Si and metallic layers. The corresponding range of the 

prediction is indicated by the green band. Good agreement can be observed between the 

solid film (filled black circle) and the prediction. Some divergence of solid C is found for 

nanoporous films, which can be attributed to the inaccuracy in % and additional pore-edge 

defects. In general, the solid C of nanoporous Si films still follow the trend for a solid film. 

Similar comparison is also displayed for the two nanoporous films drilled by a FIB (Figure 

2.12b). The bulk-like C values for nanoporous films suggest negligible phonon dispersion 

modification and thus weak phononic effects. Our conclusion here contradicts with 

previously claimed phononic effects for a Si film with pitches of 500–800 nm [24].   

 

Figure 2.12 Temperature-dependent solid C of bilayer films drilled by (a) DRIE and (b) a 

FIB, in comparison to the prediction using bulk C values for metals and Si. 
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2.7 Discussion 

Numerous studies have been carried out on nanoporous Si thin films to understand how 

to manipulate phonon transport for various important applications [45]. Different from the 

predicted phonon behavior in nanoporous thin films, measurements on real samples are 

often affected by the defects introduced by nanofabrication, such as amorphization and 

oxidation on pore edges. To observe phononic effects, ultra-fine periodic nanofeatures 

and/or cryogenic temperatures are required [16, 19, 20]. In addition, the negative impact 

of amorphous pore edges should also be addressed when the wave nature of lattice 

vibrations is employed for periodic nanostructured materials. In this aspect, DRIE and RIE 

can introduce varied amorphous pore edges [11, 18-20]. For FIB-drilled samples, even 

more defects are expected and special treatment must be taken to reduce the pore-edge 

damage [21].  

Without the pore drilling processes, nanoporous films can be directly grown by 

MOCVD with SiO2 pillar as masks [31], which can be removed with HF later. This can 

eliminate pore-edge damage by RIE, DRIE, or FIB. When phonon coherence is preferred, 

such nanostructures may be used to better conserve the wave effects. The surface defects 

can also be critical to other periodic structures, such as silicon nanowire cage structures 

[46]. 

  

2.8 Conclusions 

In this work, systematic thermal studies have been carried out on nanoporous Si thin 

films drilled with DRIE and a FIB. For nanoporous patterns with ~100 nm feature sizes, 

the specific heat measurements do not suggest significantly changed phonon dispersions. 
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Compared with some previous experimental studies, our measured in-plane " values of the 

nanoporous Si films agree well with three-dimensional phonon MC simulations when the 

amorphous pore edges are considered. The direct comparison between DRIE- and FIB-

drilled films indicates the impact of increased pore-edge defects on " reduction. The results 

presented here provide important guidance for “phonon engineering” within nanostructures 

fabricated by different techniques, such as nanoporous graphene patterned with RIE or FIB 

[47-49]. 
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Chapter 3 Cross-Plane Thermal Studies of Nanoporous In0.1Ga0.9N 

Thin Films  

  

3.1 Introduction 

GaN high electron mobility transistors (HEMTs) are widely used for high-power and/or 

high-frequency applications in power electronics, microwave communications, and 

optoelectronics. In a GaN HEMT, two-dimensional electron gas (2DEG) is formed on the 

interface between GaN and its ternary alloy, such as AlGaN. This 2DEG has a high carrier 

mobility up to 2000 cm2/V and a carrier density larger than 1013 cm-2, leading to excellent 

electron transport for power electronics [1]. However, the superior performance of these 

devices is often restricted by the significant overheating within the device (Figure 3.1[2]), 

which would dramatically reduce the charge carrier mobility and thus lower the output 

power [3]. In addition to the degraded performance, the strong overheating will also shorten 

the lifetime of GaN devices, which largely affects their long-term applications [4]. Along 

this line, various cooling technologies have been proposed, including microchannel cooling 

within the substrate [5, 6], enhanced heat spreading by coating the device with an ultra-

high-thermal-conductivity layer [7, 8]. In addition to these efforts, on-chip TE cooling can 

be more effective because heat can be directly and effectively removed from the hot spot. 

To integrate such TE coolers with a GaN HEMT, the selected TE materials should have a 

thermal expansion coefficient similar to that for GaN for better compatibility. 

Correspondingly, GaN-based alloys are recommended for such TE devices [9]. Beyond 

cooling of a GaN HEMT, TE devices using GaN alloys can also be widely used for high-
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temperature waste heat recovery and other applications, which benefits from the superior 

thermal stability of these alloys [10-13]. 

 

Figure 3.1 Temperature profile of the simulated 2D HEMT. There is a hot spot at the gate 

edge on the drain side, and the highest temperature is around 490 K [2]. 

 

Despite of many promising applications of a GaN-based TE device, the TE 

performance of GaN alloys is still relatively low. For GaN and its alloys, the power factor 

S2σ can be better than those for the state-of-the-art high-temperature TE materials such as 

SixGe1-x alloys (Table 3.1 [14-16]). GaN alloys offer a very promising solution for the TE 

application. Similar to the case of Si-based materials for TE applications, a high ZT is 

hindered by the intrinsically high kL of GaN. This high kL can be dramatically suppressed 

in GaN alloys with strong point-defect scattering of short-wavelength phonons, without 

deteriorating the power factor. In general, the ZT of wide-bandgap GaN alloys rapidly 

increases with elevated temperatures, which is due to decreased k, together with maintained 

or sometimes improved S2σ. In calculations, ZT of 0.85 at 1200 K was estimated for 

In0.1Ga0.9N at an optimized carrier density [12]. In experiments, ZT was found to be 0.08 
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at 300 K and reached 0.23 at 450 K for In0.36Ga0.64N alloy, which was comparable to that 

for SiGe alloys [17]. Furthermore, ZT of In0.17Ga0.83N would reach a ZT of 0.34 at 875 K 

(Figure 3.2) [18]. Higher ZT are expected for higher temperature indicating the InGaN 

alloys could be an important high-temperature TE material. 

 

Table 3.1 Room-temperature property comparison between doped SiGe alloys, ZnO, and 

GaN. 

Material 
S 

(μV/K) 

σ 

(1/Ω·cm) 

k 

(W/m·K) 

S2σ   

(mW/m·K2) 

ZT 

(300 K) 

Tmax 

(K) 

p-Ge/Si0.25Ge0.75
 255 279 4 1.82 0.14 1000 

Zn0.95Al0.05O 155 1000 35 2.10 0.03 2000 

In0.1Ga0.9N 960 118 13 10.87 0.25 2200 

 

 

Figure 3.2 The measured ZT of InGaN alloys from room temperature to 875 K.  
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Following the existing work, an even higher ZT can be achieved in nanoporous InxGa1-

xN alloys, where phonons with long wavelengths and MFPs can be further scattered by the 

nanopore edges as the classical phonon size effect. With alloy atoms and nanopores, 

phonon transport can be largely suppressed for different wavelength regimes in nanoporous 

GaN alloys.  

In this work, nanoporous In0.1Ga0.9N thin films with varied porous patterns are studied 

for their cross-plane k. Different from previous cross-plane k studies on nanoporous Si 

films [19, 20], our measured In0.1Ga0.9N thin films are directly grown on a sapphire 

substrate to avoid the use of DRIE for pore drilling. This eliminates the amorphous pore 

edges introduced by DRIE and thus simplifies the data analysis. Strong phonon size effects 

are observed even with sub-micrometer porous patterns. These results suggest remarkable 

kL contribution by phonons with sub-micron or longer MFPs though phonons in these 

alloys are suggested to be scattered by nanometer-scale compositional inhomogeneities 

[21]. This conclusion is consistent with the observation of strong kL contribution by long-

MFP phonons in alloyed nanostructures such as SiGe nanowires [22]. Our work provides 

important guidance for ZT enhancement in general TE nitrides and similar oxides. 

 

3.2 Sample Preparation and Measurements 

In previous measurements on nanoporous Si films, nanopores through the film were 

mostly fabricated by defining the nanopatterns with drilling the pores with RIE, DRIE or 

FIB [19, 23-31]. For these studies, phononic effects were negligible because the size of 

nanoporous features was much larger than the phonon wavelengths in Si, as 1–10 nm at 

300 K [32, 33]. In addition to diffusive phonon scattering by pore edges, the structural 
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damage during the pore-drilling process also affected the phonon transport. The divergence 

between theoretical predictions and measurements was thus attributed to the expanded 

effective pore diameter due to the amorphization and oxidation on pore edges [32]. To 

avoid such pore-edge defects introduced by nanofabrication, in this work the studied 

nanoporous films were directly grown on a patterned substrate using Metal Organic 

Chemical Vapor Deposition (MOCVD). An array of vertical SiO2 nanopillars was 

fabricated on the sapphire substrate as masks to prevent local growth of GaN or GaN alloys. 

In the literature, a mask with the inversed pattern (i.e., 40-nm-thick nanoporous SiO2 film) 

was employed to grow vertical micrometer-length, 50-nm-diameter GaN nanowires with 

minimized surface defects [34]. Similarly, the use of a SiO2 mask for direct MOCVD 

growth also minimized pore-edge defects and eliminated the corresponding uncertainties 

in data analysis.  

Figure 3.3 shows the schematic diagram of the fabrication process. First, a clean c-type 

sapphire substrate was coated with PMMA photoresist. Second, different nanopore arrays 

were defined with EBL. After the development of photoresist, a layer of SiO2 was 

deposited on the whole surface with E-beam deposition. The PMMA and SiO2 stack was 

then removed with acetone, which was called the lift-off process. SiO2 nanopillars were 

left on sapphire. A buffer layer and then an In0.1Ga0.9N layer were grown on the whole 

substrate by MOCVD in Professor Xiaoliang Wang’s lab in the Chinese Academy of 

Sciences. For comparison purpose, seven different patterns were defined with SiO2 

nanopillars on the sapphire substrate by MOCVD. For all patterns, the pore diameters were 

fixed at 300 nm and the pores were located on either a square lattice or hexagonal lattice. 

All layers were grown with unintentional doping. Prior to growth, the sapphire substrate 
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was heated in H2 ambient at 1000℃ for 3 min to remove surface contaminations. The 

growth of the structure began with a 50-nm-thick low temperature GaN (LT-GaN) 

nucleation layer grown at about 500oC for 3.5 min. Following this, a 50 nm GaN buffer 

layer was grown at 1060℃ for 1 min. Afterwards, the growth was completed by deposition 

of 150 nm In0.1Ga0.9N layer at 805℃ for 60 min. After the high-temperature MOCVD 

growth, the SiO2 pillars embedded in the nanoporous GaN alloy films were removed with 

HF etching so that nanoporous GaN alloy layers were left on sapphire. All layers were 

grown with unintentional doping. Figures 3.4a and 3.4b show the SEM images of 

representative nanoporous films. Periodic pores are aligned on either hexagonal or square 

lattices.  

 

 

Figure 3.3 Direct growth of nanoporous GaN alloy layers. 

 

E-Beam 

SiO2 

PMMA 
Sapphire Sapphire substrate Spin-coating 

photoresist 
EBL define 
nanopores 

Deposit SiO2 

Lift-off process → SiO2 
nanopillars 

Grow GaN alloys HF wet etch → 
Nanoporous GaN 



 74 

  

Figure 3.4 SEM images of the as prepared nanoporous In0.1Ga0.9N films with (a) aligned 

pores or (b) hexagonally aligned pores. The scale bar is 5 μm for both cases.  

 

To control the quality during the fabrication of the nanoporous In0.1Ga0.9N films, each 

step of the fabrication should be monitored. To avoid the contamination from an SEM 

which may affect the MOCVD growth, the sample were not observation under an SEM 

before the MOCVD growth. The same fabrication process was used to fabricate 20-nm-

diameter SiO2 nanopillars. Figure 3.5a shows the PMMA layer after EBL pattern and 

development. The whole surface was covered with Pt coating to avoid the charging 

problem under an SEM. Nanopores were fully patterned and developed. Figure 3.5b shows 

SiO2 nanopillars coated with Pt. The 20-nm-diameter SiO2 nanopillars were successfully 

left on the substrate after the lift-off process. 
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Figure 3.5 (a) SEM image of a nanoporous PMMA layer after EBL definition and 

development. (b) SiO2 nanopillar after the lift-off process. 

 

The cross-plane k of nanoporous thin films of all patterns were measured via the TDTR 

method, which was performed in Professor Xiaojiao Wang’s lab at the University of 

Minnesota. TDTR is an optical-based, accurate, and robust technique applicable of probing 

various thermal properties, including thermal conductivity, interfacial thermal conductance, 

and heat capacity of sample systems ranging from thin films, bulk substrates, to 

nanoparticles. Prior to thermal measurements, a 55-nm-thick layer of aluminum was coated 

onto the whole wafer by e-beam deposition to serve as the optical transducer. The thermal 

(a) 

(b) 
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conductivity was extracted by fitting the ratio of in-phase (Vin) and out-of-phase (Vout) 

signals from TDTR experimental data to a multilayer thermal model [35]. Parameters used 

in the model include the thickness, heat capacity, and thermal conductivity of each layer. 

The volumetric heat capacity was used for the porous InxGa1-xN alloy, which was calculated 

as CInGaN=xCInN+(1-x)CGaN with x being the molar percentage of InN [21, 36, 37]. Further, 

considering that the thermal penetration depth, d = , was larger than or 

equivalent to the combined thickness of the nanoporous InxGa1-xN layer (150 nm) and the 

GaN layer beneath (50-nm nucleation and 50-nm buffer) for our samples, we thus treated 

these sub-layers as an effectively homogeneous layer of ≈250 nm in the thermal model. 

This will lead to an effective volumetric heat capacity depending on the porosity (φ):  

      (3.1)   

where h1 = 150 nm and h2 = 100 nm are the thicknesses of the InxGa1-xN layer and the GaN 

layer, respectively. The thermal conductivities with different patterns and porosities were 

extracted through the best fit of the thermal model to the TDTR experimental data. 

 

3.3 Modeling Cross-Plane kL of a Nanoporous Thin Film  

The cross-plane kL of a thin film is computed based on the kinetic relationship: 

"¥ =
YUµ
v
∑ ∫ ∏ò(.)π∫,ò(.)ªò(.):.

wºΩæ,ú
H

v
òøY ,      (3.2) 

where φ is porosity, ω is the phonon angular frequency, the subscript i indicates the phonon 

branch, ∏ò(.) is the spectral volumetric phonon specific heat, π∫,ò(.) is the phonon group 

velocity, and ªò(.) is the modified phonon MFP for branch i and angular frequency ω. 

Only three acoustic branches are considered here because the optical phonon contribution 

/ ( )k C fp

1 InGaN 2 GaN
eff

1 2
(1 ) h C h CC

h h
j ´ + ´

= -
+
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is negligible due to their small group velocities. For a solid thin film, ªò(.) is related to 

bulk phonon MFP ª¿¡¬√,ò(.) by [38] 

Y
ƒú(w)

= Y
ƒ≈∆«»,ú(w)

+ x
vO

 ,        (3.3) 

in which t is the film thickness. More discussions for cross-plane kL of a thin film can also 

be found elsewhere [39].  

When nanopores are further considered, the narrow “neck” between adjacent pores will 

further reduce the phonon MFP by diffusively scatter phonons. The phonon size effects for 

both cross-plane and in-plane geometry restrictions can be combined with Matthiessen’s 

rule, given as [40]  

Y
ƒú(w)

= Y
ƒ≈∆«»,ú(w)

+ x
vO
+ Y
d
 ,       (3.4) 

where the characteristic length L is determined by the pore diameter d and the pitch p. Here 

the pitch is the center-to-center distance between adjacent pores for pores aligned on 

hexagonal or square lattices.  

In a different viewpoint, the phonon MFP modification can be done separately for the 

in-plane and cross-plane directions: 

Y
ƒú,…(w)

= Y
ƒ≈∆«»,ú(w)

+ Y
d
,         (3.5) 

ªò(.) =
ƒú(w)

YZ
~ ú,…(ê)

zÀ

.         (3.6) 

Here ªò,H(.) first incorporates the influence of pore-edge phonon scattering and the back 

phonon scattering by film top and bottom surfaces is further considered in Equation (3.6). 

It can be shown that Equation (3.6) is equivalent to Equation (3.4). 

For two-dimensional porous structures, L can be evaluated by the mean beam length of 

the structure, defined as [41] 
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# = x=ÃÕ«Œœ
A

 =	–

x≤^U}<^

}<
, square	lattice

7√v≤^U}<^

}<
, hexagonal	lattice

	     (3.7) 

where the solid-region volume VSolid and pore surface area A are evaluated for a periodic 

porous film.  

For the measured k values of InxGa1-xN and GaN layers, the effective value keff can be 

computed based on  

OëZO^
`¤‹‹

= Oë
`ë
+ O^
`^

 ,          (3.8) 

where the subscripts number represents individual materials. Because of the slight 

difference between the lattice constants of InxGa1-xN and GaN, the interfacial thermal 

resistance between the two materials are neglected in Equation (3.8), as assumed in the 

previous study [21]. 

 

3.4 Data Analysis 

Figure 3.6 presents the measured thermal conductivities of the tri-layered nanoporous 

film with different periodic patterns (symbols), in comparison to theoretical analysis (solid 

line). The uncertainties are marked in Figure 3.6 to incorporate factors such as the influence 

of thermal penetration into the sapphire substrate. The 50-nm nucleation and 50-nm buffer 

GaN layers are not distinguished in the analysis. In principle, the nucleation layer may have 

more point defects to scatter high-frequency phonons, but the overall impact is anticipated 

to be limited here. In addition, the contribution of electronic thermal conductivity kE is 

estimated to be <0.1 W/m·K for a film with similar compositions at 300 K [42]. Therefore, 

k ≈ kL is assumed in the current analysis. 
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Based on Equation (3.7), # = :(Y
µ
− 1) for both pores aligned on hexagonal and square 

lattices. Therefore, the same kL–φ curve is observed in Figure 3.6. In general, the 

experimental results follow the trend of the theoretical prediction. The effective k 

remarkably reduces for increased porosities and thus decreased neck width between 

adjacent pores. For a sample with pores on a square lattice (φ≈35%), k for the In0.1Ga0.9N 

layer is extracted as 4.2 W/m∙K using k=23.6 W/m∙K computed for the underneath double GaN 

layers. This value is much lower than estimated " = "›å¬fifl(1 − ‡) ≈8.5 W/m∙K, where the 

solid-film "›å¬fifl ≈13 W/m∙K for a In0.1Ga0.9N films with 233 nm thickness [21]. This large k 

reduction is attributed to classical phonon size effects within the nanoporous film. 

In measurements, phonons with MFPs longer than 1000 ± 200 nm contribute to 50% 

of room-temperature k in bulk GaN [43]. In GaN alloys, long-MFP phonons become more 

important due to strong point-defect scattering to suppress the contribution by high-ω 

phonons with short MFPs. Such effects have been observed in SiGe nanowires [22] and 

thermal analysis of alloys [44]. In this situation, sub-micron nanoporous structures can be 

more effective in reducing k of alloys. When some nanometer-scale compositional 

inhomogeneities exist, phonons in the middle-ω range can be further scattered [45, 46] but 

long-MFP phonons still contribute significantly to kL. 
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Figure 3.6 Comparison between the measured and predicted k values for tri-layered 

nanoporous GaN-based films. Here filled circles are for hexagonal patterns, whereas empty 

squares are for patterns on a square lattice. Using slightly different phonon MFPs for bulk 

GaN, the green dashed line and black solid line overlap with each other. 

 

In previous studies on the cross-plane kL of nanoporous Si films with comparable 

structure dimensions, it was suggested that phononic effects may play an important role in 

the kL reduction [19]. The measured low k values cannot be fully explained with diffusive 

pore-edge scattering of phonons [33]. In contrast, this work clearly shows that diffusive 

phonon scattering by pore edges alone can explain the measurement results. Our conclusion 

is thus aligned with the analysis that suggests negligible phononic effects for ~100 nm or 

larger periodic porous structures [27, 32, 33]. The low k found for Si films may be 

attributed to structural damage in real films, which can be introduced by nanopore drilling 
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with dry etching or other steps in the fabrication process. Such unintentional damage is 

minimized with direct MOCVD growth of nanoporous films. 

 

3.5 Conclusions 

In summary, thermal studies of nanoporous GaN-based thin films have been carried 

out. It is found that significant kL reduction can be achieved with periodic sub-micron pores. 

For TE applications, further kL reduction can be achieved with even smaller nanoporous 

structures, as long as the structure sizes can still be much larger than the majority electron 

MFPs to preserve the electrical conductivity. Unrestricted to GaN itself, a high ZT can also 

be achieved in 2DEG on GaN-related junctions with an extremely high mobility to benefit 

the power factor. Similar concepts have been attempted in the past but the final ZT is still 

limited by the high kL [11, 47]. Along this line, nanopores or other nanostructures may be 

introduced for ZT enhancement. 
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Chapter 4 Electrical Studies of GALs 

 

4.1 Introduction 

GALs is the monolayer graphene patterned with periodic nanoscale pores (antidots), 

GALs have a wide range of applications, including gas sensing [1], TE power generation 

and cooling [2, 3], optoelectronic devices [4], magnetics [5, 6], spintronics [7, 8] and 

waveguides [9]. Pristine graphene has a low ZT due to its ultra-high thermal conductivity 

" and low power factor 37/, the latter of which results from the low 3 of semi-metal 

graphene. GALs provide an effective approach to improve the low ZT of pristine graphene, 

by simultaneously reducing the high thermal conductivity but increasing the power factor. 

With quantum confinement of electrons in the ultrafine nanoporous structure, an electronic 

bandgap can be opened in a GAL to convert semimetal graphene into a semiconductor, 

which will benefit the 3 and thus 37/. On the other hand, the thermal conductivity can also 

be reduced by antidot scattering of phonons. With ultrafine porous features, the phonon 

dispersion can also be modified to further lower the thermal conductivity, known as 

phononic effects (see Chapter 1). A high ZT is anticipated in this case to benefit TE 

applications. As a slightly “unconventional” viewpoint, a high 37/  alone can also be 

critical to TE energy conversion. One example can be the active cooling of high-power 

electronics [10].  

Understanding the scattering mechanisms of charge carriers is critical to research fields 

such as electronics, TEs, and mechatronics. In general, the charge carrier transport is 

governed by the Boltzmann transport equation [11, 12]. In such modeling, the scattering 

rate of charge carriers is one major input parameter, where charge carriers are affected by 



 89 

polar/nonpolar acoustic and optical phonons [13], ionized impurities [14], alloy disorder 

[15] and other defects [11]. For two-dimensional (2D) materials, the scattering processes 

are often divided into short- and long-range scattering processes. The short-range scattering 

processes normally include point-contact scattering [16], vacancy scattering [17], while 

long-range scattering processes include Coulomb scattering [18], thermal ripple scattering 

[19] and ionized center scattering [20, 21]. For patterned 2D materials such as graphene 

nanoribbons, the edge roughness scattering [22] should be further considered as short-

range scattering. Generally, each scattering mechanism can be characterized by a scattering 

rate τ-1. The carriers’ energy sensitivity (j) to scattering (CEStS) can be described as, · =

−[:(„UY)/(„UY)]/(:Â/Â) = :(Ö´„)/:(Ö´Â), where Â is the carrier's energy referring to 

the edge of the corresponding valley. Different scattering mechanisms have their own 

CEStS values [23]. In the theoretical models for individual scattering mechanisms, 

involved parameters can be fitted with the measured electrical conductivity (σ) [24]. 

Experimentally, an averaged scattering rate can be estimated by observing the relaxation 

time of photon-electron interaction using an ultra-fast laser [25, 26]. However, the co-

existence of many scattering mechanisms often adds large uncertainties to these studies. 

As an alternative approach, Tang recently proposed to find the CEStS by measuring the 

maximum Seebeck coefficient (S) under a shifted Fermi level [23]. By comparing the 

extracted effective CEStS with known CEStS values for existing scattering mechanisms, 

the major scattering mechanism can be inferred. For 2D materials, such Seebeck coefficient 

measurements can be easily carried out by tuning the Fermi level with a gate voltage [27, 

28]. The strong gate effect of 2D materials also ensure the observation of maximum 

Seebeck values within the typical break-down voltage of the gate dielectric [29].   



 90 

In our studies, Tang’s model [23] is employed to better understand the electron 

scattering within GALs [30-32] and sometimes graphene nanomesh [33]. Viewed as 

networked nanoribbons, GALs employ the narrow neck width (~10 nm or less) between 

antidots to confine charge carriers and thus open a geometry-dependent band gap within 

otherwise gapless graphene. Compared with nanoribbons [22, 34, 35], GALs can carry a 

much higher electrical current for applications in electronic devices. Along this line, 

numerous simulations and measurements have been carried out to understand the structure-

dependent electrical properties of GALs. Across the narrow neck width between antidots, 

ballistic electron transport is suggested in some experimental studies [31, 32]. However, 

the dominant scattering mechanism is still not fully understood. Although charge carriers 

are likely to be frequently scattered by pore edges, the exact pore-edge atomic 

configuration (e.g., armchair or zigzag edges) and charges trapped on the pore edges may 

both affect the energy-dependent charge carrier scattering. For comparable graphene 

nanoribbons, analytical models have been particularly developed for electron scattering 

within armchair graphene nanoribbons [36]. With such complexity, simply diffusive and 

elastic charge carrier scattering cannot be assumed at pore edges.   

 

4.2 Measurement Setup and Device Fabrication 

In this work, the dominant electron scattering mechanism within representative GALs 

on a SiO2/Si substrate is revealed with gate-tuned Seebeck coefficient measurements from 

82 to 400 K. Both square and hexagonal arrays of nanopores are fabricated. By analyzing 

the maximum Seebeck coefficient values under a tuned gate voltage, it is found that the 

electrons are mainly scattered by the pore-edge-trapped charges, particularly at elevated 
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temperatures. For TE interests, the best power factor 37/ under an applied gate voltage is 

found in a n-type GAL with the square pattern. The maximum 37/ value can be as high as 

292 and 554 µW/cm·K7 at 300 and 400 K, respectively. For on-chip cooling applications, 

such values are already much higher than the room-temperature power factor of ~45 

μW/cm·K2 for the state-of-the-arts bulk BiSbTe alloys [37]. The demonstrated approach 

can be applied to general 2D materials and their antidot lattices (e.g., black phosphorene 

[38], silicene [39]) in future studies.  

Monolayer GALs with hexagonal or square arrays of nanopores (antidots) were 

fabricated for the proposed study (Figure 4.1). First, the graphene/SiO2/Si sample was 

coated with PMMA. Second, hexagonal or square arrays of nanopores (antidots) were 

defined by EBL. After development with the cold developer, the nanopores pattern was 

transferred onto graphene with O2 plasma etch. Then, PMMA was removed with acetone 

and GALs are left on the SiO2/Si substrate. Nanofabricated thermal and/or electrical probes 

were deposited onto each GAL to ensure intimate thermal/electrical contacts between these 

probes and the sample. The electrical conductivity and the Seebeck coefficient were 

measured under different gate voltages applied from the degenerately doped Si substrate.  
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Figure 4.1 Fabrication process of GALs. 

 

Figure 4.2 displays the SEM images of two representative samples. The center-to-

center distance between adjacent pores, also called pitch, are fixed as 30 nm. The neck 

width is 14.2±1 nm for both patterns. All nanopores are accurately defined by EBL. The 

original monolayer graphene is purchased from Graphenea Inc. These graphene samples 

are grown on a Cu foil through chemical vapor deposition (CVD) and then transferred onto 

a SiO2/Si substrate. In a recent work also using CVD-grown graphene, GALs are fabricated 

with block copolymer (BCP) self-assembly as the mask for RIE [2]. Only roughly 

hexagonal patterns can be defined by the BCP film. In contrast, the use of EBL in our study 

allows better structure controls for fundamental studies.   
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Figure 4.2 SEM images of GALs with a (a) square and (b) hexagonal array of nanopores. 

Scale bars are 200 nm for both images. 

 

Figure 4.3 (a) presents the measurement scheme and Figure 4.3 (b) further shows the 

SEM image of a real setup. More details are shown in the inset of Figure 4.3 (b). Heater 

and electrodes are deposited as a 5-nm-thick Cr adhesion layer followed by a 100-nm-thick 

Au layer. In addition, a gate voltage can also be applied from the back of the degenerately 

doped Si substrate to tune the Fermi level and thus the electrical properties of the GALs. 

The electrical conductivity s is measured with standard four-probe technique. Two outer 

electrodes (source and drain) are used for 1-kHz AC current injection, while the inner two 

electrodes are used to measure the voltage drop. For the convenience of s measurements, 

the CVD graphene is trimmed as a strip with patterned periodic nanopores. 

200 nm 200 nm 
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Figure 4.3 (a) Measurement scheme. (b) SEM images of the measurement setup, with the 

inset as the GAL region to be measured.  

 

The same setup is also used to measure the Seebeck coefficient (3) simultaneously, as 

an open-loop circuit. Using a micro-fabricated heater near the left side of the sample, a 

temperature gradient can be created. To avoid current leakage from the heater to the sample, 

the graphene layer between the heater and its nearest electrode (i.e., source terminal in 

Figure 4.3a) for the current injection is cut with a FIB. Two inner electrodes are now used 

as thermometers, with the local temperature T obtained from their temperature-dependent 
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electrical resistance. The metal-line heater is much wider than the measured GAL strip so 

that the temperature variation along the two metal-line thermometers can be neglected. A 

similar setup has been used in the Seebeck measurements of nanoporous Si films [40]. In 

addition to the temperature gradient measurements, the same two inner probes are also used 

to measure the Seebeck voltage DV along the GAL, induced by the applied temperature 

gradient. With the temperature difference DT between two metal-line thermometers, the 

slope of the DT-DV curve is extracted to compute S=−dDV/dDT+SAu, in which SAu is the 

compensated Seebeck coefficient of the Au voltage probes [37]. At 300 K, SAu is 6.5 µV/K 

and temperature-dependent SAu can be found elsewhere [41].  

 

4.3 Measurement Results 

At different temperatures, the CEStS (j) of each sample are extracted using Tang’s 

method through the maximum |3| values of both p and n types, which is measured by 

shifting the Fermi level with an applied gate voltage. The CEStS values can then be used 

as the indicator of the scattering mechanism(s).  

Tang shows that each conduction (valence) band valley that contribute to the transport 

will result in a negative (positive) peak/kink value of the Seebeck coefficient, while the 

Fermi level is tuned with an applied gate voltage [23]. Each peak/kink occurs when the 

Fermi level is shifted near the edge of one particular band valley. In semiconducting GALs, 

a conduction band and a valence band are considered. For carriers near the band edges, · ≈

0 is anticipated for acoustic phonon scattering and inelastic scattering. Short-range disorder 

scattering typically has · < 0, such as · for point contact, point defects and vacancies 

scattering. In addition, typical elastic boundary scattering at pore edges also has negative 
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·. The rest scattering mechanisms are long range and have · > 0, including Coulomb 

interaction scattering and thermal ripples scattering [23]. 

As the Arrhenius plot, Figure 4.4 shows the temperature-dependent electrical 

conductivity /  corresponding to the OFF conductance, as the minimum electrical 

conductance under an applied gate voltage. With these temperature-dependent /ÎÏÏ values, 

the bandgap Ì∫ can be extracted by fitting [42]  

/ÎÏÏ = /Hexp	Ô−Ì∫/(2"B8),        (4.1)  

where /H, "B and 8 are a fitted constant, the Boltzmann constant and absolute temperature, 

respectively. Equation (4.1) attributes the temperature dependence of OFF-conductance 

/ÎÏÏ to thermally activated charge carriers. A band gap Ì∫ ≈47.4 meV is extracted for the 

square pattern, in comparison to Ì∫ ≈53 meV for the hexagonal pattern. With a given pitch 

G=30 nm and averaged pore diameter : ≈15.8 nm, the hexagonal pattern has stronger 

quantum confinement for charge carriers and thus a larger Ì∫ with a consistent neck width 

G − : between adjacent nanopores, whereas the square pattern has an expanded neck width 

√2G − : between the second-nearest-neighbor nanopores. Other than the neck width, the 

hexagonal pattern also has a 17% smaller characteristic length. Based on the mean beam 

length used for radiation, the characteristic length for a periodic 2D nanoporous structure 

is proportional to the solid-region area of one period divided by the pore perimeter [43, 44]. 

A smaller characteristic length indicates more influence from nanopores. These bandgap 

values are comparable to reported Ì∫ ≈ 60 meV for a single-layer hexagonal GAL with a 

neck width n=12 nm [2]. This reported band gap is estimated with the same technique.  
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Figure 4.4 Temperature-dependent /ÎÏÏ for (a) square and (b) hexagonal patterns.  

  

Figures 4.5(a) and (b) displays typical liner fittings to extract the electrical conductivity 

and Seebeck coefficient under an applied gate voltage. Figures 4.5(c) and (d) further 

present the gate-voltage-tuned electrical conductivity / and Seebeck coefficient 3 at 300 

K. Away from the charge-neutrality point, a negative gate voltage can induce positive 

charges as holes within the material, called the “hole side” of the figure. On the right side 

of Figure 4.5(c) and (d), a positive gate voltage can lead the sample into the “electron side”. 

In the vicinity of the charge-neutrality point, the Seebeck coefficients of co-existing 

electrons and holes can largely cancel out. For GALs, n-type doping is observed here and 

is consistent with one previous study [2]. The hexagonal pattern leads to a smaller / 

because of its smaller characteristic length and thus stronger charge carrier scattering due 

to nanopore boundaries and pore-edge-trapped charges. All measurement results are further 

compared to those reported for uncut pristine single-crystal graphene on a SiO2 or 

hexagonal boron nitride (h-BN) substrate, measured with a similar setup [45]. For these 

undoped single-crystal samples, the charge neutrality point lies approximately at ,∫=0 V. 

In this case, 3  and 37/  are both zero without an applied gate voltage. With antidots, 
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reduced electrical conductivities are observed in GALs, whereas Seebeck coefficients are 

generally enhanced with band gaps opened in GALs. Compared to the existing electrical 

measurements of hexagonal single- and bi-layer GALs using a commercial setup with 

pressure contacts (TEP-600, Seepel Instrument, Korea) [2], the electrical properties 

measured in this work are more accurate due to the much better thermal contacts between 

the sample and deposited metallic probes. Although electrical contacts may not be a 

concern for / measurements, the measurements of temperature difference ∆T across the 

GAL can be largely affected by the thermal contact between the sample and the thermal 

probes. When the thermal contacts were not good, 3 = −∆,/∆8 can be underestimated 

due to overestimated ∆8. As well acknowledged in the literature, such S underestimation 

[46] may not be consistent due to possibly improved thermal contacts at elevated 

temperatures. In this aspect, metal deposition can ensure good thermal contact and is also 

used for thermal measurements of graphene using a microdevice [47]. In the reported data 

for single-layer hexagonal GALs on a SiO2/Si substrate, the room-temperature 3 changes 

from 5±2 µV/K for pristine CVD graphene to -12±5 µV/K for a hexagonal GAL with neck 

width n=12 nm and an estimated band gap Ì∫ ≈60 meV [2]. On the contrary, a dramatically 

improved 3 =−190±80 µV/K is found for a bilayer GAL with neck width n=8 nm and a 

much smaller Ì∫ ≈25 meV. This contradiction may be attributed to the large uncertainties 

due to poor thermal contacts in the Seebeck coefficient measurements. In this work, more 

accurate measurements suggest significant Seebeck enhancement and the gate-voltage-

dependent 3 is further measured to better understand the electron transport. 
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Figure 4.5 Room-temperature data of (a) electrical conductivity measurement and (b) 

Seebeck coefficient measurement at Vg=10 V for the square-pattern GAL. Both the AC 

current and voltage are in root mean square in (a). In data analysis, / and S are computed 

using the slope of these linear curves. Gate-voltage-tuned (c) electrical conductivities and 

(d) Seebeck coefficients at room temperature. All data are further compared with pristine 

single-crystal graphene on h-BN and SiO2 substrates [45]. 

 

One positive peak for the p type and one negative peak for the n type can be observed 

for the measured Seebeck coefficient under an applied gate voltage (Figure 4.5d). The 

positive 3 peak and negative 3 peak are related to the valence band and conduction band, 

respectively. The hole and electron CEStS values of GAL samples with square and 
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hexagonal patterns are further calculated using an open-access code developed by Tang 

[23] (Figure 4.6). The extracted · in Figure 4.6 reflects a statistical measure of the average 

values of · for all existing scattering sources.  

Apparently, the long-range scattering sources (· > 0) are important at low temperatures 

and become dominant at high temperatures. In principle, a positive · value indicates an 

increased relaxation time „(Â) with increased charge-carrier energy Â , i.e., a high-pass 

filter for charge carriers. Such energy filtering can be found for a potential barrier at 

nanostructured interfaces [48, 49] and the electric field around ionized impurities [37]. For 

GALs, the scattering mechanisms with · > 0 include scattering by ionized center, thermal 

ripples and/or trapped charges at pore edges. The scattering by ionized centers [20, 21] and 

thermal ripples [19] has been well studied for graphene, giving relatively long MFPs for 

charge carriers. Besides these, analytical modeling of trapped charge scattering at the pore 

edges of general porous 2D materials and thin films has also been developed [44]. The 

trapped charges lead to a cylindrical electric field around each pore to mainly scatter low-

energy charge carriers. When the spacing between adjacent nanopores is decreased below 

the MFPs of charge carriers in bulk graphene, the scattering by ionized centers and thermal 

ripples is negligible [31, 32] so that scattering by pore-edge-trapped charges becomes 

dominant. With a smaller characteristic length and stronger influence from pore-edge-

trapped charges, the hexagonal pattern yields a larger · value for a GAL. 
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Figure 4.6 The CEStS (j) of GALs with (a) a square array and (b) a hexagonal array of 

nanopores. 

 

Without the applied gate voltage, temperature-dependent electrical conductivity / , 

Seebeck coefficient 3, and the corresponding power factor 37/ are displayed in Figures 

4.7 (a)-(c), respectively. The measurement data for the pristine CVD graphene, cut as a 17-

µm-wide microribbon, is also plotted for comparison. Slight p-type doping is found and 

can be attributed to oxygen dangling bonds introduced by oxygen plasma etching [50]. 

Despite some p-type doping for this microribbon, its 37/ is much smaller compared with 

GALs. In Figure 4.7(c), all power factors are also compared with the state-of-the-art 

nanostructured bulk BiSbTe (nano BiSbTe) alloys, as the best room-temperature TE 

material [51]. Although pristine graphene has zero band gap and a poor 3, GALs have 

significantly improved 3 and thus 37/. The power factor of GALs monotonously increases 

at elevated temperatures and starts to exceed that for nano BiSbTe alloys above 347 K. The 

overall trend for temperature-dependent power factor is consistent with the measurements 



 102 

on hexagonal GALs [2]. One major difference between GALs and nano BiSbTe alloys 

(bulk Ì∫ ≈0.3 eV) lies in that the detrimental bipolar conduction is not observed in GALs 

though GALs have a very small Ì∫ here. The bipolar conduction origins from thermally 

activated minority carriers at elevated temperatures, which will cancel out the Seebeck 

coefficient of majority carriers [37]. When bipolar conduction occurs, 3 usually starts to 

decay but this trend is not found for GALs. The remarkable suppression of minority carrier 

transport can be attributed to the strong scattering of minority charge carriers by the pore-

edge electric field [44]. Similar mechanisms have been proposed for polycrystalline bulk 

materials with an interfacial energy barrier to filter out more minority carriers than majority 

carriers [48, 51]. 

The thermal conductivity "  is not measured here to evaluate ZT. However, "  is 

anticipated to be high according to the existing two-laser Raman thermometry 

measurements on suspended hexagonal monolayer GALs, which gives " ≈337±26 W/m·K 

for neck width n=12 nm, and " ≈ 579±42 W/m·K for n=16 nm close to the room 

temperature [2]. Such a high thermal conductivity can be suppressed by the presence of a 

substrate [52] but the reduction is anticipated to be limited. The resulting low ZT is not 

desirable for refrigeration applications. Typical TE refrigerators usually cool down an 

object to a temperature lower than that for the heat-rejection junction. In this case, a low " 

of the TE material is preferred to block the backward heat conduction and ZT is used to 

evaluate the material effectiveness. With a higher ZT, a larger maximum temperature 

difference ∆8RKS  can be created by a TE device [37]. For such applications, further " 

reduction is critical, which can be achieved by phonon engineering [53-56]. For GALs, the 

porous pattern can be optimized to decrease " but still keep 37/.  
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Figure 4.7 Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and 

(c) power factor of measured GALs and pristine CVD graphene cut as a microribbon. The 

state-of-the-art nanostructured bulk BiSbTe alloys [51] are further compared in (c). No 

gate voltage is applied to GALs here. 

 

By tuning the gate voltage at each temperature, the power factor can be largely 

enhanced. Figures 4.8(a)-(d) shows the optimized gate voltage ,∫  to maximize |3|, the 

corresponding /, 3, and 37/ at different temperatures, respectively. At ,∫ around 5 V, the 

GALs show n-type properties (i.e., electron side), while p-type properties are shown at ,∫ 

around -15 V (i.e., hole side). For the same GAL, the power factors of both types are very 

close. Between the two GALs, the square pattern exceeds the hexagonal pattern for the 



 104 

power factor enhanced by ,∫. The results are compared with that measured for pristine 

single-crystal graphene on h-BN and SiO2 substrates, with a fixed gate voltage and thus 

constant carrier concentration at all temperatures [45]. At 400 K, a remarkable power factor 

of 554 µW/cm·K7 is achieved in the p-type GAL with a square pattern, which is far beyond 

the best power factors of bulk TE materials [37]. Besides single GAL samples measured in 

this work, a counterflow room-temperature power factor of ~700 µW/cm·K7 has also been 

reported for bilayer-graphene double layers separated by a thin (∼20 nm) boron nitride 

layer, where top and bottom gate voltages are separately applied to each graphene layer 

[57].  

 

Figure 4.8 Temperature-dependent (a) optimized gate voltage for maximum |3|, (b) the 

corresponding electrical conductivity, (c) peak Seebeck coefficient, and (d) power factor 

of measured GALs. All results are compared to those measured for pristine graphene with 

a fixed gate voltage and thus carrier concentration [45].  
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4.4 Potential Application in Device Cooling 

As the discussion in previous section, the high thermal conductivity of GALs leads to 

a low ZT, which is bad for the TE refrigeration application (Figure 4.9a). In contrast with 

conventional refrigeration applications requiring a low ", a high " combined with a high 

37/ are preferred when a TE device is used as an “active cooler” for electronic devices 

(Figure 4.9b) [10]. Due to the intensive heat generation within nowadays electronic 

devices, the hot spot to be cooled may remain as the hottest location even with TE cooling. 

In this situation, a high " of the TE material can be employed to further remove heat from 

the hot spot via heat conduction, in addition to the Peltier cooling by charge carriers. With 

their extremely high power factors and thermal conductivities, GALs can be ideal for such 

active coolers.   

 

Figure 4.9 (a) TE refrigerator: heat is carried from cold side to hot side. (b) TE active 

cooler: heat is carried from hot side to cold side [10]. 
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4.5 Conclusions 

In summary, representative GAL samples fabricated from CVD graphene were used 

to demonstrate a recently developed method [23] to determine the major scattering 

mechanisms of charge carriers, by detecting the effective CEStS. It is found that the pore-

edge-trapped charges can be the major scattering mechanism in GALs. The ultra-high 

power factor obtained for these GALs, combined with their high thermal conductivities, 

can largely benefit their applications in active device cooling. The power factor can be 

largely enhanced with a gate voltage, allowing active control of the TE properties during 

the device operation. Similar idea can also be found for PbSe nanowires [58]. The 

technique used in this work can be extended to general 2D materials for TE and electronic 

studies.  
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Chapter 5 Future Work 

In this dissertation, different nanoporous thin films and GALs have been tested and 

analyzed. It is proven that the phonon dispersion modification is negligible and phononic 

effects are weak for the studied feature sizes at room temperature. To improve the TE 

performance, a further reduction in the thermal conductivity is required, with maintained 

electrical properties. Following this direction, there are many different designs, tests, and 

experiments left for the future. Future work includes the further reduction of feature sizes 

to introduce the phononic effect and the research for other 2D materials. 

 
5.1 Reduce the Feature Sizes and Extend the Application to 2D Materials 

Phononic effects are weak in the nanoporous thin films with a feature size much larger 

than the dominant phonon wavelength. It is anticipated that a significant k reduction can 

be achieved when the feature size of periodic nanoporous structures is decreased to 

introduce the phononic effect. Considering the aspect ratio, it is hard to further reduce the 

pore size of thin films down to sub-10 nm. Nanoporous 2D materials are good choice for 

TE application by introducing phononic effects. However, challenges exist in how to use 

such fragile materials. 

With the knowledge gained from GALs, similar antidot lattices for more general 2D 

materials can also be fabricated for TE and other applications, such as exfoliated Bi2Te3, 

tellurene, etc. 

As the dominant TE materials at room temperature, mechanically exfoliated Bi2Te3 as 

quasi-2D crystals [1] can be fabricated as antidot lattices to maximize its ZT. For 

nanostructured bulk BiSbTe alloys, a record-breaking peak ZT~1.4 at 100oC was achieved 

with kL reduction by the diffuse phonon scattering of nanograins whose dimension was 
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down to 20-30 nm [2]. With an exactly controlled nanoporous pattern, further kL reduction 

and thus ZT enhancement can be achieved in quasi-2D Bi2Te3 as a super-flexible TE 

nanosheet to be used in devices.  

Tellurene is a promising 2D material for various device applications [3]. Due to its low 

thermal conductivity and nested valence bands, undoped bulk tellurium can achieve a ZT 

of ~0.2 at 653 K [4]. With heavy p-doping, its ZT can be enhanced to ~1.0 [5]. To exploit 

the potential of tellurene in TE applications, studies have been carried out in recent years. 

In predictions, tellurene is shown to have the lowest kL in 2D mono-elemental materials 

and a promising ZT of 0.8 at suitable doping [6, 7]. In a recent experimental study of 

tellurene, a ZT of 0.63 at room temperature is achieved [8]. A greater improvement in ZTs 

is anticipated in nanostructured tellurene. 

 

5.2 Thermal Studies of GALs and 2D Materials 

In Chapter 4, the electrical properties of GALs on a substrate are studied, and no 

thermal properties have been measured. To continue the accurate measurement of thermal 

conductivity, it is important to suspend the GALs samples without damaging them. 

Currently, the only thermal measurements are performed by Oh et al. using Raman 

spectroscopy for hexagonally patterned GALs [9]. Such measurements use a Raman laser 

as a heat source and read the temperature from the Raman peak shift.  The laser light is 

focused on a GAL suspended across a membrane hole. The laser spot acts as a heating 

source, whereas the membrane is the heat sink to “drain” the heat from the suspended 

sample. The effective thermal conductivity of a GAL can thus be obtained from 2D heat 

conduction analysis.  
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One challenge in above Raman measurements lies in how to determine the actual laser 

power absorbed by a sample.  In the work by Oh et al., the possible light reflection by 

GALs is neglected and the laser power not transmitted through a GAL is considered to be 

absorbed. In addition, the in-air measurements are affected by convection and air 

conduction around the sample, which is usually hard to be estimated. More accurate 

measurements also require a better understanding of light absorption by graphene, i.e., the 

strong thermal nonequilibrium between electrons, optical phonons and acoustic phonons 

[10].   

Keeping this in mind, accurate thermal measurements should be carried out using a 

suspended microdevice that is based on one-dimensional and steady-state heat conduction 

between two membranes bridged by the measured nanostructures [11]. However, 

challenges still exist in reducing the thermal contact between the sample and the device 

and loading the fragile 2D materials [12]. 

 

5.3 TE Studies of Stacked 2D Materials 

Recently, the idea of stacked dissimilar 2D atomic materials to form van der Waals 

heterostructures has been proposed. For these materials, there are several simulation studies 

indicating high ZTs for TE applications. The graphene/WSe2/graphene device is predicted 

to have a ZT >2 along the cross-plane direction [13]. Stacked graphene/MoS2/graphene 

layers are calculated to have a ZT~3 along the cross-plane direction [14]. These theoretical 

studies show that stacked 2D materials can be promising in TE applications though 

experimental validation is still missing. 
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