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Chapter 1. Introduction 

 

1.1. Thermoelectric Device Technology 

1.1.1. Thermoelectric Generation Principle 

The thermoelectric effect was first discovered by T. J. Seebeck in 1821, where he 

demonstrated that an electromotive force can be generated by applying heat at the junction 

between two different electrically conducting materials. This phenomenon was later referred 

to as the Seebeck effect [1]. Thermoelectric generators (TEGs) are therefore defined as those 

capable of directly converting heat to electrical energy without any moving or noisy 

components through the Seebeck effect [1-2]. The working principle of a conventional TEG is 

depicted in Fig. 1 [3]. It consists of an n-type and a p-type semiconductor connected by a metal. 

When a thermal gradient is applied between the semiconductors, the holes in the p-type 

semiconductor and the electrons from the n-type semiconductor flows from the hot to the cold 

reservoir. The maximum thermoelectric efficiency of an ideal TEG can be approximated using 

the ff. equation, with the first term inside the parentheses being the Carnot efficiency [4]: 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑚𝑎𝑥 = (
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
)(

√1 + 𝑧𝑇 − 1

√1 + 𝑧𝑇 +  
𝑇𝑐

𝑇𝐻

) 

where TH and TC are the temperatures at the hot and cold reservoir, respectively, and zT is the 

dimensionless figure of merit. The zT defines how efficiently the thermal energy can be 

converted into electrical energy in a material, and is expressed as follows: 

𝑧𝑇 =  
𝑆2𝜎

𝜅
 

where S represents the Seebeck coefficient,  is the electrical conductivity and  is the thermal 
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conductivity. The numerator component S2, which is commonly referred to as the 

thermoelectric power factor (PF), is the electrical contribution to the figure of merit. The aim 

is therefore to develop materials with high PF and low . Several studies are devoted to 

optimizing the PF, since there is a known coupling but inverse relation between S and . This 

coupling effect arises from their opposing relationship with carrier concentration (n), in which 

S varies inversely while  relates linearly. This therefore drives research towards solving this 

coupled relationship in order to maximize the PF. The key to lowering  has less to do with 

the optimization of n, since this property is mostly dominated by lattice contributions [1]. 

 

 
 

Fig. 1.1. The working principle of a typic thermoelectric generator (TEG) [3]. Reproduced 

with permission from ref 3. Copyright 2015 Elsevier. 

 

TEGs have been of remarkable interest as sustainable energy harvesting devices. Heat 

from natural sources such as solar, geothermal and body heat, as well as ubiquitous waste heat 
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from the transportation and industrial sector, are widely abundant sources of energy. In 

addition, reducing heat in the surroundings is a valuable contribution towards solving current 

problem on global warming. However, harvesting heat at a relatively low temperature, such as 

body heat, is advantageous for future wearable devices for the Internet of Things (IoT). For 

wearable TEGs, it is essential to develop transparent and flexible devices. For example, 

Uenuma, et. al has demonstrated a flexible transverse-type InGaZnO TEG deposited onto 

polyethylene naphthalate (PEN) substrates [5]. Another is the study by Ruoho, et. al, wherein 

they designed a transparent and flexible thermal touch panel based on Al-doped ZnO deposited 

via atomic layer deposition [6]. Kim, et. al also developed a Bi2Te3/Sb2Te3 TEG deposited onto 

glass fabric by screen printing [7].  

However, it is noteworthy that in order to be utilized as an energy source for IoTs, the 

power generated by a TEG should range within microwatts or milliwatts. Illustrated in Fig. 1.2 

is the relationship between power density and ΔT. In order to achieve high power density, 

thermoelectric materials with high PF are certainly needed. However, lower PF materials (~0.1 

mW/mK2) can be utilized when a large ΔT is applied, or the device area is sufficiently large. 

 

Fig. 1.2. Graph showing the ΔT and power density relationship. 
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1.1.2. Improving the Thermoelectric Power Factor 

1.1.2.1. Optimizing the Carrier Concentration 

As established in the previous section, one way of realizing competitive thermoelectric 

performance is by maximizing the PF through modulation of n. A great number of previous 

papers propose various means by which n can be controlled. Jiang, et. al. suggested a point 

defect chemistry approach for Mg2(Si, Sn) solid solutions. Effective n tuning can be attributed 

to Sb dopants, Mg vacancies and Mg interstitials in Mg2Si0.4Sn0.6‐xSbx [8]. Band structure 

engineering is another effective technique, as demonstrated by Pei, et. al in MgTe-alloyed PbTe 

[9]. They also used this to decrease the temperature-dependence of n, which allows the PbTe 

to be used for a wider temperature range [9]. 

 

1.1.2.2. Crystal Structure Engineering 

Engineering the crystal structure is also an efficient method for improving the zT. In a 

study by Abutaha, et. al, a shift in the crystal orientation of ZnO thin films caused by changing 

the substrate temperature during laser deposition led to a significant improvement in  [10]. A 

synchronous increase in S and  was successfully achieved in Sb2Te3 thin films by 

microstructure control and crystal orientation shifting as reported by Shen, et. al [11]. 

According to Brinks, et. al, controlling the grain size and crystallinity of NaxCoO2 led to 

doubling the magnitude of the PF [12]. 

 

1.1.2.3. Charge Carrier Quantum Confinement 

An improvement in the PF can also be achieved by utilizing low dimensional materials. 

This can mainly be attributed to successfully decoupling S and . Introducing nanoscale 
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components brings upon quantum confinement effects, which is observed when the material 

size becomes almost comparable to the electron wavelength, which reveals unique electronic 

and optical properties compared to the bulk materials [13-14]. Furthermore, the high internal 

interfacial density exhibited by low dimensional materials can be advantageous to lowering the 

. Low dimensional materials include quantum dots, nanostructures (nanoparticles, nanowires, 

nanorods, nanotubes, among others), and two-dimensional quantum well systems (superlattice 

and two-dimensional electron gas) [13]. The zT of silicon nanowires was observed to increase 

by 100-fold compared to bulk Si, as published by Boukai, et. al [15]. Theoretical calculations 

predicted that a zT = 14 can be reached by Bi2Te3 nanowires with thicknesses of around 5Å 

[16]. Bi2Te3/Sb2Te3 superlattice films were able to display a zT of 2.4, as revealed in a study 

by Venkatasubramanian, et al [17]. Ohta, et. al also reported a giant enhancement in S arising 

from an electric field-induced two-dimensional electron gas, which is a system wherein the 

electrons are laterally confined in a sheet-like highly conductive layer. This phenomenon can 

usually be observed at the interface of a thermoelectric material and a dielectric. They were 

able to observe this phenomenon in several material systems, such as in AlGaN/GaN, calcium 

aluminum nanoporous glass/SrTiO3, and SrTi1−xNbxO3/SrTiO3 superlattices [18-20]. It has 

also been demonstrated by Shimizu, et. al that an increase by about two orders of magnitude is 

possible with ZnO single crystals when contacted with an ionic liquid [21]. 

 

1.2. Thermoelectric Materials 

1.2.1. State-of-the-art Thermoelectric Materials 

One of the pioneer materials in thermoelectric applications is Bismuth [1]. Since it is 

characterized with a negative Seebeck coefficient, bismuth is often paired with antimony, 

which has a positive Seebeck coefficient. Nowadays, the most conventionally used 
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thermoelectric material is Bi2Te3, which possesses a PF reaching up to 18 mW/mK2 and a zT 

of more than 2 [22-23]. Other chalcogenide materials are also utilized for thermoelectric 

purposes, such as PbTe, SiGe, Sb2Te3 and SnSe. Compounds classified as skutterudites, which 

exhibit a small lattice conductivity embodying the phonon-glass electron-crystal concept, are 

also well-known thermoelectric materials. Clathrates are another type of compounds with low 

lattice conductivity and containing open structures where loosely bound guest atoms can be 

incorporated [1, 4, 24]. Oxides are also being explored because they are stable and chemically 

inert, while organic materials such as have the advantage of ease of processing and superb 

flexibility [1]. 

Fig. 1.2 shows the S vs  relationship of several thermoelectric materials. The dashed 

lines represent the power factor values by increasing order of magnitude. Bi-Te-related 

materials dominate with superior PF, while oxides and organic materials needs improvement. 

 

1.2.2. Oxides 

Among potential thermoelectric materials, oxides are currently being intensively 

studied owing to their good chemical and thermal stability, low toxicity and high abundance 

[1]. Their superior stability makes them good candidates even for high thermal harvesting. 

Oxides were initially not regarded as potential thermoelectric materials owing to their low zT 

values, until the observation of competitive performance by the p-type oxide NaCo2O4 [25]. 

Recently, other cobaltites such as Ca3Co4O9, Co3Co4O9, LaCoO3 and Ca3Co4O9 are also 

seriously considered as p-type thermoelectric oxides [26]. On the other hand, one of the best 

n-type oxides is SrTiO3, owing to its high effective mass and room temperature PF at par with 

Bi2Te3. Other promising n-type thermoelectric oxides involve CaMnO3 and ZnO [26]. 
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Fig. 1.2. Thermoelectric properties of several types of thermoelectric materials. 

 

1.3. ZnO-related Thermoelectric Thin Films 

1.3.1. ZnO Thin Films 

Zinc oxide (ZnO) is one of the most studied n-type transparent thermoelectric oxides. 

First, it is non-toxic, highly abundant and cheap, which makes it a good candidate material for 

large scale fabrication. Second, its good chemical and thermal stability allows ZnO to be used 

not only in low temperature thermoelectric applications, but also at the higher temperature 
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range. Third, its good transparency and flexibility enables its applicability in transparent 

thermoelectric devices. Lastly, its electrical properties are readily tunable by defect engineering 

[27-30]. ZnO thin film fabrication exist in a number of several techniques, such as atomic layer 

deposition [29], pulsed laser deposition [30], sputtering [31] and solution-based processes [32-

33]. It has been utilized in many electronic applications including solar cells [34], gas sensors 

[35], thin film transistors [36], light emitting diodes [37], transparent conductive electrodes 

[38], and thermoelectric devices [39-42], among others. 

The thermoelectric properties of ZnO has been reported in several previous papers. 

Kim, et. al. reported a significant improvement in the thermoelectric properties of atomic layer 

deposited ZnO thin films by changing the oxidant from the commonly used deionized H2O to 

ozone [39]. According to Liu, et. al, the power factor of ZnO thin films can be significantly 

enhanced when incorporated with ZnO nanowires, and that the properties depend on the 

nanowire content [40]. Ab-initio calculations by Wang, et. al also predicted that single-walled 

ZnO nanotubes exhibit improved zT compared to ZnO nanowires likely owing to a significantly 

smaller thermal conductivity [41]. Baghdadi, et. al compared the thermoelectric properties of 

ZnO nanoparticles and nanorods, and reported that nanorods exhibit better performance owing 

to the reduced interface barriers and increased electron mean free path [42]. 

Doping the ZnO thin films greatly impacted its thermoelectric properties. Ruoho, et. al. 

doped pure ZnO with Al using atomic layer deposition, which resulted in an increase in the 

power factor at a certain optimum amount. They also found that changing the cluster 

distribution of Al within the ZnO can further improve the thermoelectric properties as a result 

of optimizing the trade-off between crystal growth interruption and enhanced carrier density 

[29]. In the study by Barasheed, et. al, Ga-doped ZnO prepared by sol-gel method exhibited a 

17% increase in power factor compared to pure ZnO films at the high temperature range (>600 

K). Ga doping induced an almost metallic behavior on the ZnO thin films, which cannot be 
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achieved by pure ZnO even when subjected to high temperature annealing under a reducing 

atmosphere [43]. Thermoelectric nanogenerators have also been fabricated based on Sb-doped 

ZnO nanobelts [44]. However, only a few dopant elements have been considered for ZnO for 

thermoelectric device applications. 

 

1.3.2. InGaZnO Thin Films 

InGaZnO has recently been gaining traction as a next generation material for 

transparent and flexible electronic devices. This multicomponent oxide sports a distinctive 

layered structure of In2O3, Ga2O3 and ZnO, which are arranged differently depending on the 

crystallinity, as depicted in Fig. 1.3 [45]. InGaZnO has been fabricated using a wide array of 

vacuum and solution-process techniques such as pulse laser deposition [47], sputtering [48], 

atomic layer deposition [49], sol-gel coating [50], inkjet printing [51] and spray pyrolysis [52].  

The impressive electrical properties of InGaZnO accounts for its popularity as an 

electronic device material. It displays superior carrier mobility, low leakage current and easily 

controllable carrier concentration [53-57]. In addition, its excellent optical transparency and 

low temperature deposition and processing makes InGaZnO highly desirable for transparent 

flexible devices. It has long been a well-established candidate for thin film transistor 

applications since its first use in 2004 by Nomura, et. al [53]. It also served as a promising 

semiconductor material for resistive switching memory devices [58]. Additionally, its energy 

applications such as in solar cells and thermoelectric generators have also been previously 

studied [48, 59]. 

InGaZnO has been regarded as having low thermal conductivity compared to other 

ZnO-related materials, which makes it a promising thermoelectric material [45-46]. While the 

values differ depending on the crystallinity and porosity as demonstrates in Fig. 1.4, the thermal 

conductivity of InGaZnO thin films range from 1-4 W/mK2 [45]. The structural randomness 
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from having three constituent cations could be responsible for this. However, its thermoelectric 

power factor remains well below 0.1 mW/mK2, which needs to be improved in order to fully 

utilize InGaZnO as a thermoelectric material. 

Several past literatures have been dedicated to structural and defect engineering of 

InGaZnO improve its thermoelectric power factor, whether in amorphous, crystalline or 

nanostructured form [48, 60]. Fujimoto, et. al optimized the thermoelectric power factor of 

amorphous InGaZnO thin films by controlling the amount of O2 in the deposition atmosphere 

during RF magnetron sputtering. This allowed great control over the carrier concentration, 

which led to optimizing the power factor up to 0.088 mW/mK2 [48]. Ohta, et. al demonstrated 

a significant enhancement in the Seebeck coefficient of superlattice a-InZnO/a-InGaZnO thin 

films owing to quantum confinement effects [61]. Seo, et. al. saw drastic improvements in the 

thermoelectric properties of single crystalline InGaZnO thin films with a ZnO buffer layer by 

thermal and plasma treatments [62]. The improvement in Seebeck coefficient was attributed to 

the formation of a perfect crystalline superlattice structure during deposition and thermal 

treatment, which remained undisturbed when plasma treatment was utilized to increase the 

electrical conductivity. A study by Nguyen, et. al. reported a five-fold enhancement in the 

thermoelectric figure of merit by reducing the In and Ga amounts in an InGaZnO thin film to 

achieve optimum doping effects. They established that excess amounts of In and Ga leads to 

the formation of unwanted secondary phases, which could deteriorate the carrier transport 

properties [63]. However, despite these past efforts, the thermoelectric performance of 

InGaZnO remained low, driving the search for other techniques to improve its power factor.  
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Fig. 1.3. Crystal structure of (a) amorphous, (c) semi-crystalline and (c) crystalline InGaZnO. 

Reproduced with permission from ref 45. Copyright 2016 American Chemical Society. 

 

 

Fig. 1.4. Thermal conductivity of InGaZnO depending on thin film crystallinity and porosity. 

Reproduced with permission from ref 45. Copyright 2016 American Chemical Society. 
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1.4. Objectives and Research Outline 

Thermoelectric generation in ZnO-related thin films is of significant interest in 

developing environment-friendly, transparent and wearable energy devices. However, their 

thermoelectric device performance remains inferior to other state of the art materials. To 

improve their properties, focusing on the thermoelectric power factor (PF = S2σ) is a vital but 

challenging task owing to the coupled but inverse relationship of σ and S with carrier 

concentration. Thus, the main objective of this research is to enhance the thermoelectric power 

factor of ZnO-related thin films.  

This research proposes three techniques to improve the thermoelectric power factor of 

ZnO-related thin films. The first method is by introducing relatively less-explored dopant 

layers such as TiO2 and HfO2 within a ZnO thin film by atomic layer deposition. By using this 

technique, there is a high control over the dopant concentration and distribution. The second 

method is by incorporating hydrogen in the post-deposition annealing atmosphere of InGaZnO 

thin films. This solution can be easily integrated at the end of device production workflow 

without compromising the standard frontend deposition process for other electronic 

applications. The last method is by modulating the carrier concentration in the InGaZnO thin 

film incorporated in a thin film transistor as an effect of gate voltage application. In this 

technique, the gate voltage creates an electron confinement region near the InGaZnO/gate 

insulator interface, causing an upsurge in the electrical conductivity without a severe decrease 

in Seebeck coefficient. As a result, the Seebeck coefficient and electrical conductivity are 

successfully decoupled. 

The general outline of this research is as follows: 

Chapter 1 provides a brief introduction about thermoelectric devices and materials. The 

general principle of thermoelectric generation is discussed. The importance and techniques for 

improving the thermoelectric power factor are presented in detail. Oxide materials and their 
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thermoelectric properties are introduced.  

Chapter 2 explored the use of atomic layer deposition to synthesize multilayered 

TiO2/ZnO and HfO2/ZnO thin films. It was determined that both doped ZnO thin films 

outperformed the pure ZnO in terms of power factor and cyclic thermal stability. The amount 

of dopant concentration was also optimized to reach peak thermoelectric power factor.  

Chapter 3 aims to determine the effect of post-deposition annealing conditions on the 

thermoelectric power factor of amorphous, c-axis aligned crystalline and crystal-embedded c-

axis aligned crystalline InGaZnO thin films. Depending on the crystallinity of the thin films, 

the annealing atmosphere composition affects the power factor differently. Pure nitrogen 

annealing was established to be best for amorphous InGaZnO, while incorporating a small 

amount of hydrogen leads to the highest power factor for crystalline InGaZnO.  

Chapter 4 investigates the thermoelectric generation in an InGaZnO thin film transistor. 

The InGaZnO/SiO2 thin film transistor in its ON state exhibited significantly higher power 

factor compared to pristine InGaZnO thin films owing to the formation of a charge 

accumulation layer in the InGaZnO/SiO2. This charge accumulation layer suppressed the 

strong coupling between the Seebeck coefficient and electrical conductivity, which is a 

phenomenon commonly observed in pristine InGaZnO thin films. 

Chapter 5 provides an overall summary of the research and lays out recommendations 

for future studies. 
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Chapter 2. Enhanced Thermoelectric Transport and 

Stability in Atomic Layer Deposited HfO2/ZnO and 

TiO2/ZnO Sandwiched Multilayer Thin Films 

 

2.1. Introduction 

Zinc oxide (ZnO) is one of the most studied n-type transparent semiconductor oxides, 

as its electronic properties can easily be tuned by controlling the defect densities [1-7]. ZnO 

thin films can be deposited by a wide variety of fabrication techniques, such as atomic layer 

deposition [8-13], pulsed laser deposition [14], sputtering [15] and solution-based processes 

[16-17]. However, when doped ZnO thin films are desired, it would be best to conduct both 

the deposition and doping in a single step to minimize cost, exposure to contamination, 

processing time and effort. Considering these, atomic layer deposition (ALD) is the ideal 

technique, as deposition and doping can be conducted simultaneously by simply varying the 

precursors being pulsed. It is a type of chemical vapor deposition that occurs via sequential, 

self-limiting surface reactions, precisely growing the materials layer by layer [8-12]. ALD has 

been gaining interest owing to its excellent control over film thickness and uniformity down to 

the Ångstrom scale. In addition, ALD allows high controllability over the amount and 

distribution of dopants. One disadvantage of pure ALD ZnO, though, is its low electrical 

stability at high temperatures [18-19]. While this could be overcome by the incorporation of 

other elements, thermoelectric devices based on doped ALD ZnO thin films have been mainly 

limited to Al and Ga [5, 9, 20-22]. Although Al has been a well-established dopant, ALD Al-

doped ZnO (AZO) has been reported to exhibit low doping efficiency of only about 13 % [17]. 

Additionally, group III elements have relatively low stability when doped in ZnO owing to the 
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low electronegativity difference with O [23]. Therefore, alternative dopants should be explored 

which can simultaneously improve thermoelectric properties and thermal stability. 

Group IV elements (Ti, Hf, Zr, etc.) are expected to cause electrical stability when 

doped to ZnO due to their high affinity for O [15]. However, these still remain rarely explored 

as dopants for thermoelectric applications of ZnO. Among the group IV elements, Hf has the 

highest bond dissociation energy with oxygen (~800 kJ/mol), which can potentially form a 

stronger structure when Hf substitutes with Zn [24]. Moreover, Hf was previously reported to 

suppress the formation of oxygen vacancies consequently increasing electrical stability [25-

27]. Ti, on the other hand, was described to have a higher doping efficiency compared to the 

more commonly used Al [19]. Several reports have established significant improvements in 

the electrical properties of both Ti and Hf-doped ZnO, but very few are focused on discussions 

about its thermoelectric properties. In these few reports, the power factors are still rather low 

(<10-3 mW/mK) [28-30]. Moreover, none of these reports on thermoelectric Ti-doped ZnO 

explored atomic layer deposition. 

In this work, the thermoelectric properties of ZnO thin films deposited by atomic layer 

deposition are tailored by incorporating HfO2 and TiO2 layers during deposition. The effect of 

dopant selection, whether Hf or Ti, in terms of thermal transport and stability of ALD ZnO is 

also discussed in detail. In addition, the amounts of dopant concentration were optimized to 

achieve the most desirable thermoelectric power factor.  
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2.2 Experimental Section 

2.2.1 Thin Film Deposition and Sample Preparation 

The sample preparation procedure is shown in Fig. 2.1. Atomic layer deposition of pure 

ZnO, Hf-ZnO (HZO) and Ti-ZnO (TZO) was performed on pre-cleaned glass and Si (100) 

substrates using BENEQ TFS-500 ALD reactor. Growth of ZnO was performed at 170ºC by 

sequential pulsing of diethylzinc (DEZn) and H2O, while in the case of the HZO and TZO, the 

precursors used were tetrakis(dimethylamido)hafnium(IV) (TDMAHf) or TiCl4 and H2O. The 

TDMAHf solid source was heated to 50ºC prior to deposition. Nitrogen was used as the carrier 

gas, and the deposition pressure was 6.4 Pa. The precursor pulse times are as follows. For ZnO 

layers, the pulsing sequence used was DeZn (300 ms) - N2 purge (1s) - H2O (300 ms) - N2 

purge (1s). The HfO2 pulsing sequence was TDMAHf (1000 ms) - N2 purge (1 s) - H2O (250 

ms) – N2 purge (1 s), while that of the TiO2 layer was TiCl4 (200 ms) – N2 purge (1s) - H2O 

(150 ms) – N2 purge (1 s).  Three ZnO-HfO2/TiO2 supercycles were deposited, wherein one 

supercycle contains about 0, 1, 2, 3 or 4% Hf or Ti relative to the intended thin film thickness 

as shown in Fig. 2.2. This nomenclature, which pertains to the nominal dopant amount in terms 

of number of cycles instead of the actual atomic composition, will be used to refer to the 

samples hereafter. 
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Fig. 2.1. Sample preparation procedure. 

 

2.2.2 Thermal Transport Properties 

The samples were diced into 2 cm × 0.4 cm rectangles. Electrode contacts (30-nm-thick Ti/ 40-

nm-thick Au) were deposited using electron beam evaporation following the typical four-point 

probe configuration. Electrical conductivity and Seebeck coefficient measurements were 

performed for one cycle, from 300 to 450 K (heating stage) and back (cooling stage) using 

Linseis LSR-3 under He environment. Thermoelectric properties at low temperature were also 

obtained using a physical properties measurement system (PPMS, Quantum Evercool II) from 

100−300 K under vacuum (~1Pa). Carrier concentration and hall mobility were measured at 

RT using Ecopia HMS-5300 Hall-effect measurement system following the van der Pauw 

technique [31].  
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2.2.3 Characterization  

The structural properties of the pure and doped ZnO samples were characterized by 

asymmetric grazing incidence X-ray diffraction (GIXRD, 0.35 deg. omega angle of incidence) 

and symmetric X-ray diffraction as well as X-ray reflectivity (XRR) using a Rigaku SmartLab 

diffractometer equipped with a 9 kW rotating Cu anode (0.154 nm), HyPix-3000 single photon 

counting detector and Kα1 monochromator. X-ray photoelectron spectroscopy (XPS, PHI5000 

VersaProbeII, ULVAC-PHI) spectra were measured at RT with Al-Kα radiation (1486.6 eV) 

to analyze the chemical properties and bonding states of the thin films. The raw XPS data were 

analyzed using a commercial software (CasaXPS), wherein the O1s core levels were fitted 

using GL30 function (70% Gaussian, 30% Lorentzian) after Shirley background subtraction, 

and full width at half maximum (FWHM) value was 1.4 eV. All XPS spectra were calibrated 

with respect to the C1s peak (284.8 eV) to account for charging effects. Secondary ion mass 

spectroscopy (SIMS) analysis was also conducted to observe the Hf/Ti distribution within the 

ZnO. The cross-sectional thin film morphologies were then imaged using transmission electron 

microscopy (TEM, JEOL JEM-3100FEF at 300 kV), while top-view planar images were 

obtained using scanning electron microscopy (SEM, Hitachi SU6600) and atomic force 

microscopy (Shimadzu SPM-9600). The thin film thicknesses were measured via ellipsometry 

(Plasmos SD 2300).  
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2.3. Results and Discussion 

2.3.1. Thin Film Properties 

The ALD doping scheme of the thin film samples as shown in Fig. 2.2 was 

intentionally designed in a multilayer fashion. The HfO2 and TiO2 layers were inserted in 

between three layers of ZnO, such that about a total of 615 cycles of oxide material was 

achieved. Additional 5 cycles were deposited for each ZnO layer to promote ZnO renucleation, 

which may have been disrupted by the insertion of the HfO2/TiO2 layers. Ruoho et al. have 

previously confirmed that this stacking design is more effective in preserving the crystallinity 

and mobility of the pure ZnO, compared to a more distributed insertion of dopant layers [5]. 

The distribution of the Hf and Ti on the HZO and TZO films were investigated by 

measuring the SIMS depth profile, as shown in Fig. 2.3. The formation of both HfO2 and TiO2 

layers sandwiched in between ZnO layers can be confirmed from the 180Hf + 16O and 48Ti 

peaks located at almost every third of the film thickness. The presence of alternately stacked 

multilayers is also supported by XRR presented in Fig. 2.4. Fitting parameters used in the XRR 

analysis are indicated in Table 2.1.  

Thin film properties such as thickness and surface roughness of the samples containing 

different percentage of dopant concentrations are summarized in Table 2.2. The film 

thicknesses were measured by ellipsometry. Also indicated are the expected thickness of a 

single dopant layer, which was derived from the number of cycles and the total film thickness 

from ellipsometry. The actual thickness of each dopant layer is challenging to confirm using 

XRR due to high film roughness (~3−5 nm), as well as the fact that the growth rate per cycle 

(GPC) of pure TiO2 and HfO2 changes when co-deposited. The surface roughness of the thin 

films obtained from the AFM analysis are also presented. The doped samples revealed 

significantly lower surface roughness values compared to the pure ZnO thin film. The AFM 
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images for all samples are displayed in Fig. 2.5. This is advantageous since smoother surfaces 

are generally more favorable for better charge transport. 

 

 

Fig. 2.2.  Doping scheme indicating the position and thicknesses of the HfO2/TiO2 layers. 

 

Fig. 2.3. SIMS profile of (a) 3%HZO samples ascribed to 180 Hf + 16 O, and (b) 3%TZO 

samples ascribed to 48 Ti. 
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Fig. 2.4. XRR analysis showing experimental (red) and fitted (blue) spectra for all samples. 

 

Table 2.1. Fitting parameters used in XRR analysis. Fixed parameters denoted by [--]. 

4% TZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 TiO2 3.7[--] 4 3 

1 ZnO 5.7[--] 4.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

3% TZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 TiO2 3.7[--] 5 3 

1 ZnO 5.7[--] 5 3 

0 SiO2 2.05[--] 0.6[--] -- 

2% TZO 
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No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 TiO2 3.7[--]  3.5 3 

1 ZnO 5.7[--]  4 3 

0 SiO2 2.05[--] 0.6[--] -- 

1% TZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 TiO2 3.7[--] 3 3 

1 ZnO 5.7[--] 3.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

4% HZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 HfO2 9.7[--] 2.5 3 

1 ZnO 5.7[--] 3.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

3% HZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 HfO2 9.7[--] 3 3 

1 ZnO 5.7[--] 3.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

2% HZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 HfO2 9.7[--] 3 3 

1 ZnO 5.7[--] 3.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

1% HZO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

2 HfO2 9.7[--] 3.3 3 

1 ZnO 5.7[--] 3.5 3 

0 SiO2 2.05[--] 0.6[--] -- 

ZnO 

No. Layer name Density(g/cm3) Roughness(nm) # of periods 

1 ZnO 5.7[--] 4.5 -- 

0 SiO2 2.05[--] 0.6[--] -- 
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Table 2.2. Thin film properties of all samples. Thickness (nm) was measured by ellipsometry, 

whereas root mean square surface roughness RMS (nm) is determined by AFM. 

Sample ZnO 
HZO TZO 

1% Hf 2% Hf 3% Hf 4% Hf 1% Ti 2% Ti 3% Ti 4% Ti 

Thickness   
114.8 

± 0.1  

121.1  

± 0.2 

120.6  

± 0.5 

118.3  

± 0.4 

117.1  

± 0.6   

116.6 

± 0.2  

114.7 

± 0.3 

111.6 

± 0.6  

114.9 

± 0.2 

Expected 

Single 

Dopant 

Layer 

Thickness 

- 0.39 0.78 1.15 1.52 0.38 0.75 1.09 1.49 

Ave. Rms  1.55  1.06 1.38 1.04 0.80 1.08 1.26 1.06 1.16 

GPC 

(Å/cycle) 
1.87 1.97 1.96 1.92 1.90 1.90 1.86 1.81 1.87 

 

 

Fig. 2.5. AFM images of HZO and TZO samples with their corresponding RMS values.  
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Table 2.2 also shows the growth per cycle (GPC) trends of the samples with respect 

to the dopant concentration. The GPC values of the doped ZnO do not deviate largely from that 

of pure ZnO thin films. However, there is a general decreasing trend of the GPC relative to the 

doping amount in both HZO and TZO. This suggests that a thicker dopant layer causes a greater 

nucleation delay for a new ZnO layer. Moreover, it can be observed that HZO samples 

generally have higher GPC compared to TZO and ZnO. This can be due to the difference in 

the ligand exchange kinetics caused by the difference in the ligands present in the dopant 

precursors –  chloride for TZO and dimethyl amine for HZO [32]. 

Fig. 2.6 present the cross-sectional high resolution TEM (HRTEM) images of the pure 

ZnO, 3%TZO and 3%HZO samples. A polycrystalline nature can clearly be observed from the 

HRTEM images and the corresponding nanobeam diffraction (NBD) images (inset). Distinct 

lattice fringes with thicknesses of 0.28 nm and 0.26 nm are also visible, which can be attributed 

to the interplanar distances between the (100) planes and the (002) planes of wurtzite ZnO, 

respectively. The NBD image of the ZnO sample as shown in Fig. 2.6a reveals bright spots 

corresponding to both (002) and (100). For the TZO sample, the dominance of the bright ring 

ascribed to (100) can be noted, while that of (002) is more pronounced for the HZO sample. 

The surface morphologies of the thin films were also examined using SEM. The pure ZnO 

sample in Fig. 2.6d showed granular structures, which became finer and more elongated in the 

case of TZO (Fig. 2.6e). Even finer grains were revealed in the case of the HZO sample, as 

shown in Fig. 2.6f. These morphological evolutions could be attributed to the presence of the 

dopant layers. The more pronounced contrast along the grain boundaries for the TZO sample 

in Fig. 2.6e likely physically represents the co-existence of TiO2 and ZnO in the thin film. On 

the other hand, the HZO sample revealed even finer grains, which could indicate a shift in grain 

orientation. This would more clearly be understood in the XRD analysis.  

The structural properties of the thin films were evaluated using asymmetric GIXRD 



 

30 

and symmetric XRD. Crystalline phases were identified using asymmetric surface sensitive 

GIXRD scans as shown in Fig. 2.7. The grown films revealed a polycrystalline nature with a 

ZnO hexagonal wurtzite structure, which corroborated with the TEM-NBD analysis. All visible 

peaks can be attributed to the standard diffraction pattern of wurtzite ZnO (JCPDS 043-002), 

which suggests that only minimal Hf or Ti oxide formation occurred compared to ZnO. The 

peaks correspond to the (100), (002), (101), (102), (110), (103), and (112) planes of wurtzite 

ZnO. For the TZO samples, all films revealed a dominant (100) orientation, as also seen in 

symmetric theta/2theta scans (Fig. 2.8), which is sensitive to planes parallel to substrate. The 

dominance of the (100) plane is expected for the current deposition temperature of 170°C, as 

similarly observed in a previous literature [33].  No further peak changes can be observed by 

varying the percentage of Ti dopant concentration. On the other hand, Hf doping showed a 

more complex effect on the ZnO lattice. At 1% doping, (002) orientation is slightly degraded 

but otherwise comparable crystallinity is observed compared to pure ZnO. Similarly, in 

symmetric scans (Fig. 2.8), this 1% Hf doping increases the (100) orientation parallel to 

surface. However, when 2% and more dopants are introduced, the dominance of the (100) is 

suppressed, preferring the (002) orientation instead. Overall preferred orientation is decreased 

resulting in comparable intensities of (100), (002) and (101). This is expected since doping 

often disrupts ZnO crystallinity. Further increasing to 3% led to shifting the dominance to the 

(002) peak, which corresponds to the ZnO c-axis orientation. The c-axis orientation was 

sustained even when a 4% doping amount was reached. The preferential (100) orientation is 

typical for pure ZnO deposited by ALD likely owing to the charge neutrality of the (100) plane, 

as opposed to the positively-charged polar (002) planes which attract broken ethyl group 

fragments [26]. The shift in orientation from (100) to (002) in the presence of a minimum of 

3% Hf possibly arises from the disturbance of the (100) charge neutrality by the Hf4+ ions. This 

leads to favoring the growth orientation towards the plane of least surface energy, which is the 
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(002) plane [26]. This phenomenon could not be observed with TZO possibly since Ti4+ ions 

are significantly smaller than Hf4+, so they could not have been affecting the growth orientation 

as much. 

 

 

 

Fig. 2.6. Cross-sectional TEM image of (a) ZnO, (b) 3% TZO and (c) 3% HZO samples and 

their corresponding nanobeam diffraction patterns (inset), top-view SEM images of (d) ZnO, 

(e) 3% TZO and (f) 3% HZO samples. 
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Fig. 2.7.  XRD spectra of (a) HZO samples and (b) TZO samples of varying the percentage of 

dopant concentrations. 

 

 

Fig. 2.8. Symmetric theta/2theta XRD patterns for all samples. 
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2.3.2 Effect of Doping Element on TE Properties 

The effect of doping element on the thermoelectric properties (σ, S and PF) was 

investigated within the range of 300 and 450 K and presented in Fig. 2.9. The properties are 

shown for one thermal cycle, comprising a heating stage (300 K to 450 K) and a cooling stage 

(450 K to 300 K). The doping level for both TZO and HZO used in the measurement were both 

3%. For both electrical conductivity and Seebeck coefficient, all samples exhibited instability 

between the heating and the cooling stage properties. This phenomenon has also been 

previously observed in ALD ZnO [8]. It was said that ZnO thin films typically need to undergo 

a first thermal cycle in order to stabilize. Heat exposure likely causes instability in the ZnO via 

formation of acceptor defects, leading to significantly degraded thermoelectric properties after 

an initial heating measurement run [8].  Fig. 2.9a reveals the largest deviation in electrical 

conductivity for TZO, while the one that exhibited the least instability is HZO. Despite this, 

the TZO still emerged as the most conductive throughout the temperature range during cooling, 

followed by the HZO. Pure ZnO evidently suffered from a severe degradation in σ. The 

instability in Seebeck coefficient was similarly largest with ZnO, while both TZO and HZO 

exhibited only modest changes. In effect, ZnO displayed the largest decrease in power factor. 

The PF of the TZO sample showed a small instability, which can mostly be attributed to the 

large decrease in electrical conductivity. However, almost no instability in PF is observed for 

HZO, implying that the small deviations in both electrical conductivity and Seebeck coefficient 

likely compensate each other. Nevertheless, both doped samples outperformed the pure ZnO 

thin film for all temperatures during the cooling stage. Highest PF values were consistently 

exhibited by HZO throughout the temperature range, with a maximum PF of 0.143 mW/mK2 

at about 450 K. The highest PF values achieved for TZO and ZnO are 0.123 mW/mK2 and 

0.104 mW/mK2, respectively, also at 450 K. 
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Fig. 2.9. High T thermoelectric properties showing (a) electrical conductivity, (b) Seebeck 

coefficient, and (c) power factor for HZO, TZO and ZnO from 300 to 450 K, and Low T cyclic 

electrical conductivity measurements for (d) ZnO, (e) TZO and (f) HZO from 100 to 300 K. 
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In order to further understand the nature and extent of the instability, low temperature 

cyclic thermoelectric performance was evaluated from 100 to 300 K. This was conducted to 

isolate the effect of heat on the instability. It can be observed from the plot of electrical 

conductivities in Fig. 2.10a that even at very low temperature conditions, instability is still 

imminent in the pure ZnO sample. In the case of TZO, this instability is somehow reduced 

especially during the second thermal cycle. However, in the presence of Hf, the instability is 

completely eliminated. Although this has rarely been observed in relation to thermoelectricity, 

Hf has been previously reported to improve electrical stability of ZnO. According to previous 

literature, this high electrical stability was attributed to the suppression of oxygen-related 

defects caused by Hf [25-27]. Oxygen-bond breaking can lead to the formation of interstitial 

oxygen, an acceptor defect that likely reduces free electron concentration. However, the reason 

behind the defect suppression has not been sufficiently elaborated in these reports. This can 

likely be explained by the significantly stronger chemical bonding of Hf−O compared to Zn−O. 

Table 2.3 summarizes the bond dissociation energies and electronegativity differences of the 

bonds under study. The electronegativity difference between Hf and O is significantly higher 

in comparison to both Ti−O and Zn−O, which probably results in stronger Hf−O bonds. In 

addition, the bond dissociation energy of Zn−O is only about a fourth that of Hf−O, and about 

a third that of Ti−O. This implies that once the Hf or Ti substitutes onto Zn vacancy sites to 

bond with oxygen during deposition, they would require high energy to break. Zn vacancies 

are regarded as acceptor defects as well, so Hf/Ti substitution can also likely improve free 

electron concentration. However, the high bond dissociation energy can also suggest that Hf−O 

bonds are more difficult to form and are likely of lower concentration compared to Ti−O. In 

any case, the layer-by-layer self-limiting growth by ALD could likely have helped in forming 

Hf−O bonds even at a relatively low temperature (170°C) compared to other techniques [34-

35]. The cyclic measurements for Seebeck coefficients at low temperature, on the other hand, 



 

36 

remained constant for all samples throughout the temperature range, as shown in Fig. 2.11. 

 

Table 2.3. Bond dissociation energies and ionic radii of Zn, Hf and Ti with O [24]. 

 Bond Dissociation Energy (kJ/mol)  Ionic Radius (pm) 

Zn−O <250.0 Zn 74 

Hf−O 801.0 Hf 72 

Ti−O 666.5 Ti 56 

 

 

 

Fig. 2.11. Cyclic Seebeck coefficient values for (a) ZnO, (b) 3%TZO and (c) 3%HZO. 

 

To experimentally confirm the relationship between oxygen-related deficiencies and 

thermoelectric stability, high resolution surface XPS spectra were obtained before and after the 

high temperature TE properties measurement. The spectra were calibrated with respect to the 

C1s peak (284.8 eV), representing adventitious carbon. These spectra likely represent both 

HfO2/TiO2 and ZnO layers. XPS surface sensitivity is about a few nanometers (~ 2 nm), while 

the thickness of the HfO2 and TiO2 layers are expected to be about 1.1 nm from the surface, 

assuming totally no interlayer mixing occurred. Presented in Fig. 2.12 are the XPS O1s core 
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level peaks of the samples, deconvoluted into three components: M−OI, M−OII and M−OIII, 

centered at 529.9 ± 0.1 eV, 531.2 ± 0.1 eV and 532.0 ± 0.1 eV, respectively. The M−OI peak 

corresponds to the metal-oxygen lattice bond, which means the O2- ions are attached to three 

metal atoms. The M−OII peak represents the O2- ions in the oxygen-deficient regions, which 

can be related to oxygen vacancies. Finally, the surface adsorbed oxygen such as hydroxyl 

(−OH) and carbonyl (−COOH) are characterized by the M−OIII peak [8, 36-38]. Prior to the 

thermal cycle, ZnO showed the highest M−OI among the samples (Fig 2.12a), which is 

expected as Zn−O bonding requires the least amount of energy to form compared to Ti−O and 

Hf−O [36]. In effect, ZnO displayed the lowest M−OII peak percentage. The high probability 

to form Zn−O bonds due to low bond formation energy likely leads to fewer oxygen-deficient 

defects. In the case of TZO and HZO, stronger M−OII peaks are observed. Extrinsic Ti4+ and 

Hf4+ ions from the precursors tend to attract oxygen from the ZnO matrix during the free 

competitive growth of Ti−O/Hf−O and Zn−O, and simultaneously form oxygen vacancies 

during the process [17, 39]. After the thermal cycle, significant changes in the M−OII peaks 

can be observed. For the pure ZnO thin film in Fig. 2.12d, the amount of M−OII spiked from 

4.7% to 26.0%, which is expected as heating may easily cause Zn−O bond-breaking. Oxygen 

atoms tend to be diffused out in the low pressure, oxygen-deficient He environment during the 

thermal cycle [40].  TZO, on the other hand, showed only a slight increase in M−OII, from 

15.1% to 20.9%. With this, it could be said that the strength of Ti-O bonds could somehow be 

slightly suppressing the formation of oxygen vacancies. This could arise from the almost twice 

the bond dissociation energy of Ti−O compared to Zn−O. However, when Hf is added, the 

amount of M−OII decreased slightly. While a huge amount of bond-breaking could have 

occurred in pure ZnO during the thermal cycle, HZO seemed to have withstood this, similarly 

owing to the high bond dissociation energy of Hf−O. This supports the previous hypothesis 
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that the oxygen-related defects are being suppressed when ZnO is doped with Hf. Thus, HZO 

appears to be more electrically stable than both TZO and pure ZnO. 

 

Fig. 2.12. XPS O1s deconvoluted peaks before the thermal cycle for (a) ZnO, (b) HZO and 

(c) TZO, and after the thermal cycle for (d) ZnO, (e) TZO (3%) and (f) HZO (3%). 
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2.3.3 Effect of Nominal Percentage of Dopant 

Concentration 

To confirm the effect of dopant concentration on the charge transport properties, Hall 

effect measurements were performed at room temperature on the as-deposited samples prior to 

applying any heat cycle. Shown in Fig. 2.13 are the plots of carrier concentration and Hall 

mobility () vs. dopant concentration. The carrier concentration (n) initially gave negative 

values, which indicate typical n-type semiconductor behavior, but are presented here in 

absolute value for simplicity. Doping with Ti resulted in a significantly higher carrier 

concentration compared to the pure ZnO thin film, leading to high electrical conductivity even 

at 1% doping concentration. On the other hand, the addition of Hf did not appear to result in 

successful doping. Minimal changes in both n and μ were observed regardless of the doping 

concentration. As the carrier concentration could also be affected by intrinsic defects such as 

oxygen vacancies, the lower carrier concentration of the HZO samples supports the XPS 

analysis wherein it was demonstrated that the incorporation of Hf suppresses the formation of 

such vacancies.  
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Fig. 2.13. Hall effect showing (a) carrier concentration and (b) mobility of all samples. 

 

 

As discussed earlier, the cooling stage values represent more reliably the TE properties 

of the samples. Because of this, the effect of the amount of dopants in the cooling stage 

thermoelectric properties (from 450 K to 330 K) is examined and the plots are displayed in Fig. 

2.14.  Among the TZO samples, 1% TZO exhibits the highest electrical conductivity, and there 

is a decreasing trend for electrical conductivity with amount of Ti. This is in contrast with the 

Hall measurements, which were taken before any thermal cycle, where the 3% TZO exhibited 

the highest mobility and carrier concentration. This means that excess Ti4+ could have reduced 
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the electrical conductivity upon stabilizing after a thermal cycle. Nevertheless, even only a 

small amount of Ti could lead to an almost five-fold increase in electrical conductivity. On the 

other hand, the Seebeck coefficients of TZO were evidently lower than pure ZnO and display 

only small changes with dopant % concentration. This implies that the Ti is more likely to 

cause minor structural changes to ZnO, as seen by the direct effect on the electrical conductivity 

but minimal influence on Seebeck coefficient. Highest PF, therefore, was observed for 1% 

TZO with a value of 0.136 mW/mK2. Adding Hf, on the other hand, results in a slightly 

different behavior. Improvement in electrical conductivity was observed only from 3% Hf, 

which incidentally is where the change in thin film crystal orientation was observed to occur, 

as revealed by the XRD analysis. This suggests that c-axis i.e. (002) aligned HZO leads to 

improved electrical conductivity, probably owing to the shorter electron path length along the 

c-plane, as well as diminished grain boundary scattering between grains similarly aligned along 

the c-axis, as previously reported for c-axis aligned ZnO thin films [38, 40-43].  Also, this 

could have arisen from free electron generation caused by substitution of Hf4+ onto Zn2+ sites. 

The value for 2% Hf was not included as the resistivity was higher than the equipment limit 

probably due to misfabrication. Seebeck coefficients, on the other hand, were slightly smaller 

for HZO compared to ZnO throughout the temperature range, but were not as low as those of 

TZO. Unlike in TZO, the non-drastic electrical conductivity improvement for HZO naturally 

led to minimal decrease in Seebeck coefficient. The combination of a relatively high Seebeck 

coefficient and decent electrical conductivity led to an almost two-fold improvement in PF for 

3% and 4% HZO compared to ZnO. The highest PF was obtained at 450 K for 3 % HZO at 

0.157 mW/mK2. Nonetheless, incorporation of Ti or Hf dopants both enhanced the 

thermoelectric PF of ZnO during the cooling stage. In the case of TZO, even only 1% doping 

can significantly enhance the PF of ZnO, while 3% HZO resulted to highest PF for all doped 

samples. 
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Fig. 2.14. High T thermoelectric properties at cooling stage showing (a) electrical conductivity, 

(b) Seebeck coefficient, and (c) power factor for TZO, and (d) electrical conductivity, (e) 

Seebeck coefficient and (f) power factor for HZO, from 450 to 300 K. 
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2.4. Summary 

 

HfO2 and TiO2 layers were infused into ALD ZnO thin films to enhance their 

thermoelectric performance. Sandwiching TiO2 layers in between ZnO layers during ALD 

doubles the carrier concentration compared to pure ZnO, leading to an enhanced thermoelectric 

power factor. Meanwhile, incorporating HfO2 to form HZO thin films led to a significant 

improvement in thermal stability owing to the film orientation shifting and strong Hf-O 

bonding. The Seebeck coefficients of HZO samples were also almost retained to similar values 

with ZnO, which led to achieving the highest thermoelectric power factor among all samples. 

Optimizing the nominal percentage of dopant concentration for all samples resulted in 

obtaining the highest power factor at 1% for TZO and 3% for HZO, with values of 0.136 

mW/mK2 and 0.143 mW/mK2, respectively.  

Overall, both Hf and Ti exhibited their individual merits as dopants for ALD ZnO 

thermoelectric thin films. It is therefore possible that both stability and improved 

thermoelectric power factor can be achieved when Hf and Ti are co-doped in ZnO. In addition, 

since Hf is a relatively rare element, using this in conjunction with a high doping efficiency 

element such as Ti may lead to cheaper, high performance thermoelectric devices. 
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Chapter 3. Optimizing the Thermoelectric 

Performance of InGaZnO Thin Films Depending  

on Crystallinity via Hydrogen Incorporation 

 

3.1. Introduction 

InGaZnO (IGZO) has recently been gaining attention as a next generation material for 

transparent, flexible device electronics owing to its superior carrier mobility and excellent 

optical transparency [1−5]. A great deal of effort has been dedicated to engineer its structure 

to improve its electrical properties, whether in amorphous, crystalline or nanostructured form 

[6−8]. It has been a well-established candidate for thin film transistors as well as memory 

devices [9−12]. Gearing towards the realization of transparent systems-on-panel, other 

applications for IGZO are currently being explored. Some of these include energy devices such 

as solar cells and thermoelectric devices [13−16].  

A thermoelectric material is one that can directly convert heat into electrical energy 

without the need for any moving parts. The measure for good thermoelectricity lies on 

achieving high thermoelectric figure of merit (ZT) values, as defined by the following equation: 

ZT = S2σ/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, and κ is the 

thermal conductivity. The numerator value S2σ is also known as the thermoelectric power factor 

(PF), and is known to be difficult to maximize due to the conflicting relationships of S and σ 

with carrier concentration. There are previous reports on the viability of IGZO as a 

thermoelectric material due to the following reasons. First, its σ is easily tunable by varying 

the carrier concentration [14]. Our group has previously reported on the PF and thermal 

conductivity of amorphous InGaZnO, as well as its applicability in flexible TEGs, but the study 
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has been limited to optimizing the oxygen vacancies (Vo) by varying the oxygen partial 

pressure during deposition [14−15]. Second, its natural superlattice structure could reduce κ 

due to enhanced interface phonon scattering [16].  

In a study by Cui et. al, the cross-plane κ of amorphous, semi-crystalline and 

crystalline IGZO were discussed. In their report, both amorphous and crystalline IGZO were 

regarded as those with low κ [16]. Similar κ values have been reported in other literature for 

amorphous and crystalline IGZO, ranging from 1.0-1.4 W/mK [17-19]. The low κ of 

amorphous IGZO is said to be likely due to strong scattering vibration modes due to the 

structural randomness, while that of crystalline IGZO is probably caused by the perfect 

superlattice structure, inducing regular changes in acoustic impedances [16]. However, 

although the effect of crystallinity has been discussed in relation to κ, there are currently no 

literature comparing the amorphous and crystalline IGZO thin films from the viewpoint of the 

thermoelectric PF. Determining how to control the PF of IGZO of differing crystalline 

properties would provide a higher impact as it affects two of the three important thermoelectric 

properties. Moreover, electrical conductivity improvement via post-deposition treatments, such 

as hydrogen annealing, plasma treatment or passivation, has been well reported for both 

amorphous and c-axis aligned crystalline IGZO, but their effects on the Seebeck coefficient 

has been left unexplored. Optimizing the post-deposition treatments can possibly enable easy 

functionality switching of IGZO from thin film transistor or memory device to thermoelectric 

generator, which can lead to the realization of future all-IGZO systems-on-panel. 

A special type of c-axis aligned crystalline IGZO was developed by Yamazaki et. al 

in 2009 [20−28]. This material became an attractive alternative to both amorphous and single 

crystalline IGZO for thin film transistor applications owing to its relatively lower processing 

temperature but high reliability and low off-state leakage current [20-28]. Its unique structure 

cannot be classified as single crystalline, polycrystalline or nanocrystalline. Good crystallinity 



 

51 

is observed along the c-axis, but individual crystals connected with hexagonal lattice 

distortions compose the a-b plane. The structure therefore possesses continuous crystal 

morphology without visible grain boundaries [20]. However, its thermoelectric properties have 

not been reported up to now. 

In this work, the thermoelectric properties of commercial grade amorphous (a-IGZO), 

c-axis aligned crystalline (c-IGZO) and crystal-embedded c-axis aligned crystalline IGZO (cc-

IGZO) are reported. This study also confirms which annealing conditions favor the highest 

thermoelectric power factor depending on the crystallinity. Specifically, the role of hydrogen 

incorporation on the crystal structure in relation to their thermal transport is discussed. 

Although electrical conductivity improvement via hydrogen on both amorphous and crystalline 

IGZO has already been reported elsewhere, its role on the Seebeck coefficient as well as the 

overall thermoelectric performance and stability has not yet been established. 

 

3.2. Experimental methods 

3.2.1 Sample Description 

Three types of IGZO thin films deposited by RF sputtering on glass substrates were 

used in this study – amorphous (a-IGZO), c-axis aligned crystalline (c-IGZO) and crystal-

embedded c-axis aligned crystalline (cc-IGZO). All samples were provided by Sharp 

Corporation [27-28]. The thickness of each sample was 200 nm. The c-IGZO sample is 

composed almost purely of c-axis aligned crystalline IGZO throughout the film, while the cc-

IGZO is likewise mainly c-axis aligned crystalline but is embedded with crystals oriented 

differently. The a-IGZO, on the other hand, is uniformly amorphous. The samples were 75 cm 

 62 cm in size, highly transparent and with initial sheet resistances of 0.15 MΩ/sq, 0.62 MΩ/sq 

and 11.1 TΩ/sq, respectively. 
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3.2.1 Annealing 

The annealing step was performed at 673 K for 2 h at a tubular furnace. To determine 

the effect of hydrogen incorporation on the thermoelectric performance, three annealing 

conditions were used – pure nitrogen, 98% N2/2% H2, and 96% N2/4% H2. The amount of 

hydrogen in the annealing atmosphere was controlled using an automated gas flow meter, and 

the hydrogen supply was stopped immediately after the 2h annealing time. Pure nitrogen was 

used during the furnace cool down. 

 

 

Fig. 3.1. Sample preparation procedure. 
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3.2.2 Characterization 

To characterize the material and thermoelectric properties, samples having 

dimensions of 2 cm  0.5 cm were cut from the panel-sized samples. The sample preparation 

procedure is detailed in Fig. 3.1. Four electrodes were deposited via electron beam evaporation 

of Mo (50 nm) and Au (50 nm) thin films strips following a typical four-point probe 

configuration. Thermoelectric measurements were then performed using a physical properties 

measurement system (PPMS, Quantum Design EverCool II) from 100 to 400 K under vacuum 

conditions. X-ray diffraction was also conducted using Rigaku X-ray diffractometer (RINT-

TTR III) from 2θ = 25−35º under Cu Kα radiation. Secondary ion mass spectroscopy (SIMS, 

ULVAC-PHI, Inc. ADEPT-1010) was then conducted using Cs+ ion source (1 keV, 100 nA) 

to observe the relative amounts of oxygen and hydrogen on the samples. X-ray Photoelectron 

Spectroscopy (XPS, PHI5000 VersaProbeII, ULVAC-PHI) spectra were also measured at 

room temperature with Al-Kα radiation (1486.6 eV) to analyze the surface chemistry of the 

samples. Charging effects on the binding energies were calibrated with respect to the C 1s peak 

(284.8 eV). Transmission electron microscopy (TEM) image was obtained from JEOL JEM-

3100FEF with operating voltage of 300 kV.  
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3.3. Results and Discussion 

The TEM images of the unannealed c-IGZO and cc-IGZO samples are shown in Fig. 

3.2a and b, respectively. C-axis aligned crystals are arranged in columnar structures as seen in 

Fig. 3.2a, with the columns connected along the a-b plane via lattice distortions instead of 

actual grain boundaries. As previously discussed by the Yamazaki group, continuous 

crystallinity is maintained along the a-b plane owing to these lattice distortions, but does not 

impede charge transport as in the case of grain boundaries [20]. On the other hand, the cc-

IGZO sample shows mainly c-axis oriented columnar crystals, but the presence of crystals 

revealing a different orientation can also be observed (boxed in Fig. 3.2b). Such crystal 

structures likely arose from some remaining amorphous portions in the film which crystallized 

at a later stage in the crystallization phase compared to its neighboring crystals. The structural 

properties of the unannealed samples were also examined using X-ray diffraction (XRD). 

Figure 3.2c shows the normalized out-of-plane XRD spectra of the unannealed a-IGZO, c-

IGZO and cc-IGZO samples. The a-IGZO samples simply revealed a broad amorphous IGZO 

peak at around 33º, and a wide 24º peak attributable to the silica glass substrate [18]. The c-

IGZO and cc-IGZO samples, on the other hand, revealed a crystalline peak at about 2θ = 31º, 

which represents the (009) IGZO plane [20, 22-26]. This signifies the presence of c-axis 

aligned crystalline IGZO.  
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Fig. 3.2. TEM images of (a) c-IGZO and (b) cc-IGZO samples. (c) XRD spectra showing the 

(009) peak all unannealed IGZO thin film samples.  

 

The thermoelectric performance of the annealed samples was then evaluated from 100 

to 400 K and the properties are shown in Fig. 3.3. The N2-annealed samples are referred to as 

a-N2, c-N2, and cc-N2, while the samples annealed under N2 with 4% H2 are named a-H2, c-H2 

and cc-H2. The properties of the unannealed (UA) samples were not included as they exhibited 

resistance values way above the measurement system limit (< 2 MΩ). The electrical 

conductivities of all the samples in Fig. 3.3a displayed little temperature dependence, except 
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for the cc-N2 sample. The samples with the highest σ are the a-H2 and the c-H2 samples, with 

values of 463 S/cm and 327 S/cm at 100 K, respectively. Their N2-annealed counterparts 

displayed lower electrical conductivities, suggesting that hydrogen incorporation is effective 

in increasing σ regardless of crystallinity, consistent with previous reports [20, 29−31]. The c-

IGZO samples showed a similar trend, but remained at low σ values. The Seebeck coefficients, 

on the other hand, showed obvious temperature dependence. Also, an exact inverse trend with 

σ is observed for the a-IGZO and c-IGZO, wherein a-H2 and c-N2, which displayed the highest 

and the lowest σ, showed the lowest and the highest S. This is expected since the carrier 

concentration, which is known to be directly proportional to σ, has an inverse effect on S. 

Finally, the PF of the samples showed a similar temperature dependence as with S. As shown 

in Fig. 1c, the highest PF value achieved is for the a-N2 sample at 390 K, which is 0.093 

mW/mK2. For the crystalline samples, the highest PF is that of c-H2, with 0.081 mW/mK2, and 

0.031 mW/mK2 for cc-H2 at 390 K. 

To aid in understanding the effect of temperature on the electronic properties of the 

samples, a percolation conduction model is applied, as it has sufficiently explained the 

conduction behavior in previous ZnO-based thin films [32-33]. This conduction model 

suggests that the long-range electrical conduction is inhibited by energy barriers caused by 

structural randomness, which likely originates from the random distribution of Ga3+ and Zn2+ 

ions in the IGZO lattice. The temperature dependence of the percolation model states that the 

log σ generally shows a linear behavior with T-1/4 following the equation: log σ = A – BT-1/4, 

where 1/B corresponds to the correlation radius of the conducting networks [32]. Shown in Fig. 

3.3d is the graph of log σ vs T-1/4 for all samples. Samples a-N2 and c-H2 showed a very weak 

decrease in log σ as T-1/4 decreases. This suggests an almost metallic behavior, and such a 

decrease in σ as a function of T is likely induced by slight phonon scattering. On the other hand, 

the rest of the samples showed a direct linear proportionality with T, with the cc-N2 exhibiting 
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the largest slope. This perfectly resembles the thermal dependence behavior of the percolation 

conduction model. A higher negative slope indicates a greater tendency for thermal excitation 

to increase the number of electrons. This could probably explain the highest Seebeck 

coefficients observed for the cc-N2 sample at any temperature, followed by c-N2 and a-N2. 

 

 

 

 

Fig. 3.3. (a) Electrical conductivity, (b) Seebeck coefficient and (c) power factor values of all 

IGZO samples from 100 to 400 K, and (d) plot of log σ vs T-1/4. 
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Fig. 3.4. (a) High-resolution XPS O1s peaks of the unannealed (UA), pure N2-annealed and N2 

with 4% H2-annealed samples, and (b) the corresponding peak area percentages of the O1s 

deconvoluted peaks. 
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In order to provide a deeper insight regarding the oxygen-related defects, which 

usually plays a major role in the electrical properties of IGZO, the O1s core level XPS spectra 

of all the samples were investigated and displayed in Fig. 3.4. The peaks were calibrated with 

respect to the C1s peak (284.8 eV) to account for the effects of charging. The O1s can be 

deconvoluted into three peaks located at 530.2 ± 0.1 eV, 531.1 ± 0.1 eV and 532.4 ± 0.2 eV, 

which can typically be attributed to oxygen in metal oxide lattice (M-OI), oxygen in the IGZO 

lattice with oxygen vacancies (M-OII), and hydroxyl and other carbon-related impurities (M-

OH), respectively [34]. The relative percentages of the deconvoluted peaks in each sample are 

quantified in Fig. 3.4b. Among the unannealed samples, the a-IGZO sample revealed the least 

amount of M-O and the highest amount of M-OII. This is likely due to the highly ordered 

structure of both the crystalline samples, wherein M-O bonds are more intact. In contrast, M-

OII formation is most likely to occur in a-IGZO owing to the short-range order. Annealing with 

N2 revealed varying effects depending on the crystallinity. In a-IGZO, the M-OII greatly 

increased as expected, since the Vo formation is enhanced by heating paired with exposure to 

an O2-poor environment. A similar effect was observed on c-IGZO, although the M-O 

maintained its dominance over the M-OII. However, for the cc-IGZO sample, annealing with 

pure N2 did not increase the M-OII. Instead, it greatly enhanced the M-O bonds. This suggests 

that the structure is highly stable, such that oxygen-related defects are very difficult to form, as 

has been previously reported [35]. Introducing H2 in the annealing environment also affected 

the samples differently. The c-H2 revealed a great increase in M-OII compared to the 

unannealed c-IGZO, which is in fact the highest of all the samples. A similar effect was 

observed with cc-H2, although the M-OII area percentage remained at a lower level. This 

suggests that the incorporation of H2 in the annealing atmosphere for crystalline IGZO results 

to a concurrent increase in oxygen vacancies, as has been previously observed in CAAC-IGZO 

fabricated by the Yamazaki group [20]. However, the lower amount of M-OII in a-H2 compared 
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to a-N2 suggests that the H atoms could have been simultaneously passivating some of the Vo 

as they form. This can also explain the lower amount of M-OH in the H2-annealed samples 

compared to the N2-annealed samples for the a-IGZO and c-IGZO, since the H+ could have 

been bonding with the metallic dangling bonds or existing as interstitial defects. It should be 

noted, however, that the trend exhibited by the samples in terms of amount of M-OII does not 

exactly coincide with that of σ. For example, the a-H2 sample exhibited the highest σ, but 

possessed one of the lowest amounts of M-OII. This greatly implies that the Vo is not the only 

key player in enhancing the σ and the PF. As H+ is a well-known source of free carriers whether 

as a substitutional or interstitial defect, it is probably equally responsible for the thermoelectric 

behavior of the samples. 

To prove this, the effect of hydrogen on the samples was further investigated by 

varying the H2 concentration in the N2 annealing atmosphere (0%, 2% and 4%). Displayed in 

Fig. 3.5 is the effect of hydrogen concentration on the PF, σ and S of the samples at 300 K. The 

PF of the samples obviously exhibited varying reactions to increasing amount of hydrogen – 

the a-IGZO being negatively affected, the c-IGZO only slightly changing, and the cc-IGZO 

greatly increasing. The σ of c-IGZO and cc-IGZO appeared to be increasing with the amount 

of hydrogen, while the a-IGZO seemed to have peaked at 2%. The positive effect on both the 

σ and PF of the c-IGZO and cc-IGZO samples supports the previous observation that H is 

effective in improving the electrical properties. In the case of a-H2, it is likely that there is only 

an optimum amount of hydrogen that aids in its electron transport, and an excess amount 

possibly introduces a large amount of interstitial defects [31]. The S displayed a perfectly 

inverse effect as with σ. Both c-IGZO and cc-IGZO samples exhibited decreasing S with % 

hydrogen, while a-IGZO displayed the lowest S at 2%. This can be related to their electron 

mobility values. This is known to be inversely proportional with effective mass, which in turn 

directly relates with S [36]. Introducing hydrogen into the system passivates the defects, 
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leading to reduced trap sites and improved electron mobility. This decreases the effective mass, 

which translates to lower S values.  

It is also important to determine how much of the hydrogen in the annealing 

environment is being incorporated in the samples, and if it depends on their crystallinity. SIMS 

analysis was then employed to look into the differences in hydrogen content of the hydrogen-

annealed samples. The normalized SIMS spectra are presented in Fig. 3.5d. The amount of 

hydrogen is the highest with cc-IGZO, followed by the a-IGZO, and then the c-IGZO. It can 

also be observed that the amount of hydrogen is constantly varying with increasing penetration 

depths for both cc-IGZO and c-IGZO samples, as opposed to the a-IGZO sample which 

exhibited an almost uniform amount of hydrogen all throughout the thin film depth. The high 

H amounts in the cc-IGZO film possibly provide an explanation on the great effect on its TE 

properties as an effect of % H2. Increasing the hydrogen content could probably further improve 

the properties of cc-IGZO, but is not very safe especially for large scale fabrication processes. 

In the case of c-IGZO and a-IGZO, although their H contents are about the same level, a-H2 

still possesses much greater σ than c-H2. This implies that the combined effect of Vo and H is 

important in maximizing the thermoelectric PF, and that the mechanisms are different 

depending on the crystallinity. 
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Fig. 3.5. (a) Power factor, (b) electrical conductivity and (c) Seebeck coefficient values of 

IGZO samples as an effect of increasing % hydrogen in the N2 annealing atmosphere. (d) SIMS 

1H spectrum of all H2-annealed IGZO samples. 

 

A Jonker plot was also constructed and shown in Fig. 3.6a to provide an insight on the 

degeneracy of the IGZO depending on crystallinity as an effect of the % H2. Jonker plots 

revealed slopes of 70.9, 60.0 and 54.3 µV/K for the a-IGZO, c-IGZO and cc-IGZO samples, 

respectively. Positive values indicate typical n-type characteristic. In nondegenerate 
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semiconductors, the relationship between S and log σ can be expressed by S = ±k/e(lnσ – lnσ0) 

[14]. Therefore, the Jonker slope of a typical nondegenerate semiconductor is a constant value, 

which is about 198 µV/K [14]. Since the slopes of all samples did not coincide with this value, 

the samples then do not tend to behave like a typical non-degenerated semiconductor. This 

could be related to the metallic behavior exhibited by the H2-annealed samples as explained 

above. This suggests that the incorporation of hydrogen in the annealing atmosphere may lead 

to a degenerated behavior for the InGaZnO, which translates to extremely high electrical 

conductivities, but not necessarily high PF. 

To more clearly illustrate the effect of hydrogen on the PF, the measured PF of all 

samples were plotted against σ in Fig. 3.6b. The UA sample for cc-IGZO was excluded due to 

its extremely high resistance. A theoretical plot of the relationship between σ and PF was also 

included, which was calculated using the Kamiya-Nomura percolation model in IGZO [14, 

37−38]. Standard Boltzmann transport formalism is applied using the percolation conduction 

model earlier described. The calculation is based on the mathematical approach proposed by 

Adler, et. al. [39]. The measured properties of the samples fit quite well with the theoretical 

PF values, which suggests that a-IGZO achieved nearly the maximum PF at 0% H2 annealing. 

Further increasing the σ by introducing H+ ions would only likely decrease its PF, as predicted 

by the percolation model. The c-IGZO, however, could probably reach a higher PF when the 

conductivity can be controlled to range from 100−280 S/cm. Finally, cc-IGZO shows potential 

to reach maximum PF when σ can be further enhanced, but as earlier mentioned, increasing 

the hydrogen amount in the annealing environment is not very safe and practical. 
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Fig. 3.6. (a) Jonker plot as an effect of % H2, and (b) Log σ-PF plot of all IGZO samples plotted 

against theoretical PF. 

 

 

Fig. 3.7. Schematic diagram of the proposed mechanism. 
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Fig. 3.7 illustrates the proposed mechanism by which the annealing atmosphere affects 

the electrical conductivity of the InGaZnO thin films. Under pure nitrogen annealing, oxygen 

vacancies were easily formed in a-IGZO owing to the short-range order. It has been previously 

reported that Vo acts as a deep donor, which is likely responsible for the increase in σ [40-41]. 

Combined with the moderate S values of a-IGZO, which probably originated from the high 

effective mass due to the high density of defects that traps the electrons, an almost maximum 

PF is achieved. In the case of c-IGZO, Vo formation could be more difficult due to the highly 

stable and orderly structure, so the carriers from oxygen vacancies are probably insufficient to 

increase the σ. On the other hand, incorporating hydrogen in the annealing atmosphere possibly 

led to an excessive amount of carriers for a-IGZO, which was good for achieving high σ but 

significantly decreased the S. Hydrogen annealing appeared to be more effective in the case of 

c-IGZO, wherein the additional carriers from hydrogen-related defects such as hydrogen 

substitution onto Vo sites (Ho) or interstitial H+ are important to achieve the optimum σ values. 

Both Ho and interstitial H+, in contrast with the deep donor Vo, are said to act as shallow donor-

like states and therefore greatly contribute to improved electron conduction in c-IGZO [40-41]. 

Also, the unique c-axis aligned crystallinity paired with the superlattice structure likely 

improves the interfacial phonon scattering, leading to higher S compared to a-H2. However, the 

embedded crystals in the cc-IGZO thin film could be hindering the electron transport, which is 

likely the cause for the extremely high initial resistance. However, they contributed greatly to 

increasing the S, wherein the cc-N2 achieved the highest S among all the samples. Therefore, 

in the case of a-IGZO, the best condition to maximize the thermoelectric PF is by the Vo-driven 

pure N2 annealing, while for c-IGZO and cc-IGZO, the Ho-driven H2 annealing is ideal. 

 Other techniques can be similarly employed in order to introduce charge carriers in the 

InGaZnO thin films. For example, excimer laser annealing (ELA) can be utilized to chieve a 

similar effect without elevating the temperature of the substrate. Presented in Fig. 3.8 are the 
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temperature-dependent thermoelectric properties of a-IGZO thin films subjected to 100, 120 

and 140 mJ/cm2 KrF ELA (λ = 248 nm, pulsewidth = 9 ns). The electrical conductivity was 

evidently increased by ELA without much change in the Seebeck coefficient, which effectively 

led to an improvement in the PF. This can be attributed to the formation of oxygen-related 

defects, which caused an enhancement in the electron mobility [42]. By using Comsol 

simulation, the maximum temperature applied to the surface of the thin film was determined 

to be 1550, 1806 and 2031 K for ELA laser fluences of 100, 120 and 140 mJ/cm2, while the 

substrate temperature remained at near room temperature for all cases. Although the 

thermoelectric performance of the thermally annealed IGZO thin films described earlier 

remained better, ELA treatment can potentially be more suitable when utilizing polymeric 

substrates for flexible electronics applications. 

 

Fig. 3.8. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient and (c) 

power factor of ELA-treated a-IGZO thin films. 
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3.4. Summary 

The thermoelectric properties of amorphous, c-axis aligned crystalline and crystal-

embedded c-axis aligned crystalline IGZO were reported in this study. Varying the annealing 

atmosphere by incorporating hydrogen was also performed to determine the ideal annealing 

environment depending on the crystalline type, and investigate which driving forces are 

responsible in enhancing their power factor. The a-N2 sample displayed the highest power 

factor, which suggests that the thermoelectric performance remains better when InGaZnO is 

amorphous rather than crystalline phase. However, adding hydrogen in the annealing 

atmosphere significantly improved the performance of the c-IGZO sample, while the cc-IGZO 

retained relatively low power factors even after annealing. XRD analysis revealed that H2 

annealing successfully retained the c-axis alignment for both the c-IGZO and cc-IGZO 

samples, which was likely responsible for obtaining better properties. The oxygen-related 

defects as well as the hydrogen contents of the samples were also investigated using XPS and 

SIMS, respectively, which revealed that for a-IGZO, the formation of a high amount of Vo is 

responsible for its superior thermoelectric properties, while the combined effect of Vo and Ho 

is the driving force in the case of both c-IGZO and cc-IGZO. 
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Chapter 4. Gate-Tunable Thermoelectric Properties 

Along the Oxide/Insulator Interface in an InGaZnO 

Thin Film Transistor 

 

4.1. Introduction 

Among transparent amorphous oxide semiconductors, indium gallium zinc oxide 

(InGaZnO) is one of the most well-explored channel layers for thin film transistors (TFT). This 

is likely owing to its facile large scale and low temperature processability, making it desirable 

for future flexible electronics [1-5]. More importantly, amorphous InGaZnO exhibits excellent 

electrical properties, such as superior mobility, high controllability over carrier concentration 

(n), and low leakage current [1-5]. This makes InGaZnO an ideal semiconductor material not 

only for TFTs but also for a wide array of transparent, flexible electronic devices. 

Among the electronic applications explored for InGaZnO, its thermoelectric 

properties are relatively less-explored. Thermoelectric materials are those that can directly 

convert waste heat into usable energy [6]. They are characterized by the thermoelectric figure 

of merit zT (zT = S2/), where S is the Seebeck coefficient,  is the electrical conductivity 

and  is the thermal conductivity. Thermoelectric generation in InGaZnO thin films has been 

reported in a few previous literature [7-11]. However, the thermoelectric power factor (PF = 

S2) which represents the electrical contribution to zT, remains relatively low owing to an 

apparent limit from the coupling inverse relation between S and . This arises from their 

opposing relationships with n, wherein  varies linearly while S depends inversely. Therefore, 

in order to enhance the PF of InGaZnO materials, it is important to devise a technique to 
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decouple S and . A common approach is to confine the electrons in an extremely narrow 

quantum well. Some ways to achieve this is by creating nanostructures or two-dimensional 

electron systems [12-14]. Another method is by integrating the thermoelectric material in a 

TFT structure, wherein the thermoelectric oxide is contacted with a gate insulator. Through the 

application of voltage via a gate electrode, the charge carriers are confined within a narrow 

region in the vicinity of the oxide/insulator interface [15-18]. Liang, et. al. has reported the 

modulation of the Seebeck coefficient of an a-SnO2 TFT by gate bias modulation, which they 

used to investigate its gas sensing properties [15]. Shimizu, et. al, on the other hand, saw a 

remarkable enhancement in the thermoelectric power factor of ZnO when ion-gated in a TFT 

device structure, owing to the formation of a two-dimensional electron gas at the oxide/channel 

interface [16]. However, the thermoelectric generation in an InGaZnO thin film transistor has 

not been reported.  

In this study, the thermoelectric properties at the gate insulator (GI)/channel interface 

in a typical InGaZnO TFT with SiO2 GI is investigated. With the application of a positive gate 

voltage (VG), the thermoelectric PF at this area is observed to achieve a significant increase up 

to three orders of magnitude owing to an accumulation of charge carriers at the GI/channel 

interface. The S showed a slightly decreasing dependence on VG, but was minimal enough to 

maintain a respectable PF up to 0.1 mW/mK2. Negligible thermoelectric PF can be obtained 

without VG or at negative applied VG, which corroborates to the off state of the transistor. 

Lastly, analysis using the Kamiya-Nomura percolation model reveals that the TFT displays 

superior properties against pristine InGaZnO thin films, and is estimated to yield twice the PF. 

This study demonstrates the feasibility of a thermoelectrically-active TFT that can pave the 

way for future electronic applications such as in thermal sensors or self-powered displays. 

More importantly, this research offers a unique solution to break the PF limit displayed by 

pristine InGaZnO thin films. 
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4.2. Experimental methods 

4.2.1 Device Fabrication 

The device fabrication process is depicted in Fig. 4.1. Bottom-gate top-contact TFTs 

were fabricated on p-type Si substrate gate electrode with 85 nm of thermally oxidized SiO2 

layer as the GI. The channel dimensions were L = 0.9 mm and W = 0.4 mm, as shown in the 

device structure in Fig. 4.2. First, 70 nm channel layer was deposited via radio-frequency 

magnetron sputtering of InGaZnO (In2O3:Ga2O3:ZnO = 2:2:1) at room temperature. The RF 

power and pressure during deposition were 100 W and 0.6 Pa, respectively. The channel layer 

was then patterned by conventional photolithographic techniques followed by wet etching with 

0.02 M HCl solution. Next, a metal thin film layer (80 nm Ti/20 nm Au) was deposited via 

electron beam evaporation. Source and drain electrodes were subsequently formed by 

photolithography and lift-off. Finally, the fabricated devices were post-annealed at 300C for 

2h under air atmosphere (N2:O2 = 4:1).  

 

 

 

Fig. 4.1. Sample preparation procedure. 
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Fig. 4.2. Device structure of the a-InGaZnO TFT. 

 

 

 

Fig. 4.3. (a) Seebeck measurement setup, (b) thermal map image and (c) optical microscope 

image of TFT device. 
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4.2.2 Electrical and Thermoelectric Properties 

Measurement 

The transistor characteristics such as transfer (ID-VG) and output (ID-VD) curves were 

obtained using a semiconductor parameter analyzer (Agilent 4156C) at room temperature in 

dark condition. To determine the Seebeck coefficients, two Peltier devices were placed under 

the sample distanced 2 mm from each other to induce a temperature gradient between the 

source and drain electrodes (T = 0-6 K). The T was derived from thermal images obtained 

using an infrared thermal microscope (QFI) placed on top of the device (Fig. 4.3b). The optical 

image of the TFT device is shown in Fig. 4.3c. Since the device sample is bottom-gated, a Si 

substrate coated with Al/Au thin film was placed in between the Peltier devices and the sample 

to facilitate the VG application. While varying the VG, the thermoelectromotive force (V) and 

T were simultaneously monitored at room temperature. The V is then plotted against T, 

and the slope yields the Seebeck coefficient values. 

 

4.2.3 Kamiya-Nomura Percolation Model 

The Kamiya-Nomura model is based on the standard Boltzmann transport formalism 

using a percolation model [19]. This model, which has been used to explain the electron 

transport in both amorphous and crystalline InGaZnO, suggests that charge transport occurs in 

the conduction band wherein the densities of states (DOS) depends on the square root of energy 

[19-20]. Moreover, it assumes that a Gaussian distribution of potential barriers exist in the 

band, which can be ascribed to the structural randomness from the site sharing of Zn2+ and 

Ga3+ ions. These potential barriers hinder the electron conduction when the Fermi level (EF) is 

situated in the tail-states, and can weaken the contribution of the carriers in low-energy states 

[8, 20]. A schematic diagram showing the potential barrier distribution as described by the 
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Kamiya-Nomura percolation model is shown in Fig. 4.4. This model has been numerically 

described by Adler, et. al [21]. The equations for  and S are described as follows: 

 

                                  (Eq. 1) 

 

 

          (Eq. 2) 

 

 

Meanwhile, the percolation factor p(E) accounts the effect of the potential barriers, and is 

defined as: 

 

                      (Eq. 3) 

 

where e is the elementary charge, m* is the effective mass, Ec is the conduction band onset,  

is the relaxation time, k is the Boltzmann constant, vz is the electron velocity, fFD is the Fermi-

Dirac distribution function, and Dc is the conduction band distribution of states (DOS). The 

relaxation time  is defined as 𝝉 =  𝝉𝟎𝒆𝒙𝒑(−𝑾/𝒌𝑻), while the 𝑫𝒄(𝑬)  =  𝑫𝒄𝟎√𝑬 − 𝑬𝒄. The 

m* value used is 0.35me, following the typical value used for InGaZnO [10]. The Φ and  

represent the average and distribution widths of the potential barriers, respectively. The  and 

S were fitted over varying Φ (0.005 – 0.3 eV) and   (0.04 – 0.2 eV) values at a fixed  = 1.39 

fs. 
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Fig. 4.4. Model of the potential barrier distribution in the IGZO conduction band. 
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4.3. Results and Discussion 

The transistor characteristics of the fabricated InGaZnO TFT are shown in Fig. 4.5. The 

transfer curve obtained from VG = -20 to 20 V in Fig. 4.5a exhibit proper switching for all drain 

voltage (VD) values applied. This suggests typical transistor behavior, even at a low VD of 

100V, where the Seebeck voltage is expected to range. Transistor properties such as mobility, 

threshold voltage, gate current and current on-off ratio are summarized in Table 4.1. The 

mobility was calculated from the linear region of the VD = 0.1V plot using the ff. equation: 

 = 𝑔𝑚  
𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
   (Eq. 4) 

where gm is the measured transconductance and Cox is the capacitance of SiO2. The maximum 

mobility obtained was 10.4 cmV-1S-1, which is in complete agreement with published literature 

[2]. Although the size of the device used in this study is significantly larger than typical TFTs, 

the dimensional aspect ratio (L/W) is high enough to compensate for its lower gm, yielding a 

similar mobility value. Likewise, the other TFT characteristics lie within a similar range as 

those previously reported [22-23]. The TFT output curves are graphed in Fig. 4.5b, which 

reveals a clear pinch-off and saturation behavior, which means the InGaZnO TFT adheres to 

the standard transistor theory. 

 

Table 4.1. Transistor characteristics of the InGaZnO TFT devices. 

Mobility (cmV-1S-1) Threshold Voltage (V) Gate Current (A) Ion/Ioff ratio 

10.4  0.25 0.53  0.058 ~10-12 ~106 
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Fig. 4.5. (a) transfer curve and (b) output curve of the bottom-gate InGaZnO TFT. 

 

In order to investigate the thermoelectric properties of the InGaZnO TFT device, the 

 was calculated using resistance (R) extracted from the ID-VD curves under varying VG from -

20 to 40 V. The thickness dimension to be considered, however, is expected to change 

depending on the applied VG. To obtain this, the n was calculated relative to the distance from 

the GI/channel interface along the InGaZnO depth following the depletion approximation [24]. 

The equation below is used, as in the study by Kiguchi et. al [25]: 

𝑛 =
𝜀𝑜𝑥𝑉𝐺

𝑡𝑜𝑥𝑒𝑑
   (Eq. 5) 

where εox, tox, e and d are the SiO2 dielectric constant, SiO2 thickness, and InGaZnO distance 

from the GI/channel interface, respectively. First, the relationships between n and distance 

were plotted from 0 to 70 nm under varying VG from 0 to 40 V (Fig. 4.6a). It is noteworthy 

that n under negative VG is difficult to estimate since a carrier accumulation layer is not 

expected to have formed. It can be observed in Fig. 4.6a that the n generally shows an 

increasing behavior as VG changes from 0 to 40 V. As shown in Fig. 4.6a, n appears to saturate 

at less than 10 nm, which signifies the presence of a highly conductive region where the charge 
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carriers accumulate. The distance at which n = n0/e, where n0 is the projected carrier 

concentration exactly at the interface, was then identified as the accumulation layer thickness 

(tacc). The extracted tacc was around 1.275 nm. Using the estimated tacc, the  values were then 

calculated at the positive VG range. For the VG = 0 and VG < 0 regions, the thickness used is the 

film thickness (70 nm), due to the assumption that an accumulation layer is absent. As evidently 

demonstrated in Fig. 4.6b,  barely changes at negative VG, and then exponentially increases 

when a positive VG is applied. This can mostly be attributed to a huge decline in R as the applied 

positive VG increases, which also represents the turning on of the transistor. 

 

 

Fig. 4.6. (a) Carrier concentration vs thin film thickness approximation, and (b) electrical 

conductivity vs gate voltage. 

 

To further explain the conduction mechanism, a schematic diagram of the conduction 

band following the well-established typical transistor behavior is portrayed in Fig. 4.7 [24]. At 

VG = 0, the electrons are resting randomly across the bulk InGaZnO depth. When a positive VG 

is applied, the conduction band bends downward at the SiO2 surface, causing the EF to locate 

above the conduction band minimum (CBM). As a result, electrons are forced to accumulate 

at the SiO2/InGaZnO interface. Further increasing the applied VG would probably result in a 
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more severe downward conduction bending, leading to having a higher density of electron 

accumulation at the GI/channel interface. At VG < 0, the conduction band bends upward, 

retaining the EF below the CBM. Consequently, the electrons are driven away from the 

interface, forming a depletion layer near the GI/channel interface. Further increasing the 

negative applied VG would less likely to have caused a charge accumulation, since the electrons 

are free to move anywhere in the bulk region, instead of being narrowly confined near the 

interface as in the case of positive applied VG. 

 

 
 

Fig. 4.7. Conduction mechanism for (a) VG = 0, (b) VG > 0 and (c) VG < 0. 
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Fig. 4.8. (a) Seebeck coefficient vs gate voltage, and (b) power factor vs gate voltage. 

 

Fig. 4.9. I-V curves of TFT under varying negative VG applied, with source and drain 

thermal gradients of (a) 0 K, and (b) 6 K. 

 

The Seebeck coefficient values, on the other hand, displayed a different trend when the 

applied VG is changed. Fig. 4.8a shows the effect of VG on the Seebeck coefficient of the 

InGaZnO TFT device. When the transistor is OFF (VG < 0), the values appeared generally 

lower compared to those in VG = 0 to 20 V. Theoretically, the Seebeck values at negative 

applied VG should display higher values compared to those in the positive VG range because 
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the n is expected to be way lower due to the absence of an accumulation layer. In the case of 

this study, the values appear lower than expected, which can be attributed to the fact that the 

ΔT measurement is performed from above the sample, which is much closer to the bulk surface 

than the GI/channel interface. The increase in n at the bulk, caused by the depletion region 

pushing the electrons deeper into the InGaZnO, could have also been detected, probably 

causing an overestimation of the ΔT. Nevertheless, the linear behavior of the I-V curves (Fig. 

4.9) both with and without a thermal gradient implies that the analyzer can detect the values in 

the OFF region. In addition, the current lies within the nanoampere range, which is well above 

the system resolution of ~1 fA. The important point is that a non-dependence of S in the VG at 

VG <  0 clearly manifests. Although the total n is likely similar to those at VG > 0, the 

thermoelectrically active region to be considered is the entire film thickness (70 nm). At VG = 

0, an accumulation layer is still expected to be absent, but an increase in S can be observed. 

This can probably arise from the fact that unlike in the VG < 0 region, a depletion layer does 

not form, so an overestimation of the ΔT could not have occurred. When the transistor turns on 

(VG > 0), Seebeck coefficients exhibit a slightly decreasing trend from around 151.06 to 97.9 

uV/K when VG is modulated from 0 to 40 V. This is expected owing to the inverse relationship 

of S with n, which increases with a higher applied positive VG, as previously discussed.  

However, it is interesting that the decrease in S is not very severe despite the great 

enhancement in electrical conductivity. In order to explain this, the thermal deBroglie 

wavelength D is calculated using the ff. equation: 

𝐷 =
ℎ

√3𝑚∗𝑘𝑏𝑇
    (Eq. 6) 

where h and kb are the Plank’s and Boltzmann’s constants, respectively, T is the temperature 

and m* is the effective mass, which is approximated to be 0.35me for amorphous InGaZnO [8].  

The calculated D is 10.6 nm, which is larger compared to the calculated tacc. As established in 
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previous research, a quantum well thinner than D would result to an enhanced S due to 

modification in the density of states near the conduction band edge when the electrons are 

confined in the narrow quantum well [18, 26]. In this case, the S- coupling that is observed in 

most thin film systems is likely weakened in the case of the InGaZnO TFT because of the 

extremely narrow thermoelectrically active region. 

The effect of VG on the power factor, which was calculated from the equation PF = 

S2, is shown in Fig. 4.8b. An exponentially increasing trend can be observed similar to the 

VG- relationship in Fig. 4.6b. Although S should induce a greater effect on PF as dictated by 

the equation, the small variation in S with VG is strongly overpowered by the exponential 

increase in . It can therefore be established that the significant improvement in PF by VG 

modulation can be achieved primarily owing to the formation of the accumulation layer at the 

GI/channel interface, which extremely narrows down the thermoelectrically active region. 

Interestingly, the thermoelectric properties are also in effect “turned on” when the transistor is 

on. This implies that the TFT can potentially simultaneously act as an effective thermoelectric 

device in its on state, provided that there is an effective thermal gradient between the source 

and drain. 

The theoretical behavior of S and  based on the Kamiya-Nomura percolation model is 

also illustrated in Fig. 4.10a. The theoretical values, shown as light blue lines, were obtained 

by varying the  and Φ parameters of the percolation factor while maintaining a constant .  

Also plotted are experimental data on a-InGaZnO from past literature [8, 27], the c-InGaZnO 

samples discussed in Chapter 3 [7], and the InGaZnO TFT. As shown, all experimental results 

corroborate well with the theoretical model. However, as more clearly illustrated in Fig. 4.10b, 

the experimental results for thin films and TFT can be fitted under different percolation factor 

parameters. This suggests that there is a difference in the shape of the potential barriers between 

the two material systems. As mentioned earlier, the Φ and  parameters signify the average 
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and distribution widths of the potential barriers, respectively. The TFT exhibited a larger Φ 

and smaller  compared to thin films, which suggest that the potential barriers are composed 

of taller and more uniform peaks. This could have been caused by a phenomenon called energy 

filtering. In this phenomenon, the low energy electrons are filtered out, which means that the 

high energy electrons are solely responsible for the conduction transport. As an effect, the 

Seebeck coefficient is allowed to increase without compromising the high electrical 

conductivity [28]. In this case, the S- coupling can be said to be successfully suppressed. 

 

 

Fig. 4.10. (a) S vs  plot and (b) PF vs  plots showing both experimental and theoretical 

results. 
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The theoretical PF vs  is then shown in Fig. 4.10c. As the plot clearly indicates, under 

the same  = 1.39 fs, the TFT appears to reach higher PF values compared to the pristine thin 

films. The maximum PF achieved by the TFT is about 42% higher than that of thin films. This 

can be attributed to the suppression of the S- coupling caused by the energy filtering. In 

addition, the TFT can still be fitted at a higher , wherein a maximum of ~0.15 mW/mK2 can 

be reached at a conductivity of ~400 S/cm when  = 4.37 fs. The energy filtering could have 

been caused by quantum confinement arising from the extremely narrow thermoelectrically 

active region [28-29].  

Finally, it is important to investigate how the thermal gradient application affects the 

TFT chracteristics. Fig. 4.11 depicts the effect of increasing ΔT on the ID-VG curves measured 

at VD = 0.1 V. Evidently, the threshold voltage (VTH) slightly negatively shifts when ΔT is 

increased from 0 to 6 K. This means that at higher ΔT, the TFT is switching on earlier than 

intended. This could have been caused by the free electrons from the channel band gap that 

were thermally-activated [30]. These thermally-activated free electrons may be released from 

the trap sites to below the conduction band. Moreover, high temperature exposure may create 

additional free carriers from oxygen vacancies that may have been induced by thermal 

excitation. Under an even higher temperature operation, the negative VTH shift of an 

InGaZnO/SiO2 TFT can be as high as 6.9 V at an operation temperature of 353 K [30]. This 

suggests that the TE-TFT could operate well at the near room temperature range, but may begin 

to display degrading transistor characteristics at a higher temperature. Furthermore, the ION/IOFF 

ratios (inset) were slightly decreasing with the ΔT, but is not large enough to interfere with the 

switching performance. 
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Fig. 4.11. ID-VG plots under varying ΔT (0 – 6 K). ION/IOFF ratio vs ΔT graph is shown as inset. 
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4.4. Summary 

 

Herein, the thermoelectric properties of a typical InGaZnO/SiO2 TFT with SiO2 GI at 

the GI/channel interface was significantly improved by VG modulation. When the transistor is 

on (VG > 0 is applied), the thermoelectric PF increased by up to three orders of magnitude 

owing to the formation of an electron accumulation layer at the GI/channel interface, which 

served as an extremely narrow thermoelectrically active region. The Seebeck coefficient, on 

the other hand, only slightly decreased as a response to the positive VG, allowing the PF to 

reach >0.1 mW/mK2. When the transistor is off, the thermoelectric properties are also 

extremely low. Therefore, if the temperature difference between the source and drain is 

significantly high, the InGaZnO TFT can simultaneously act as a thermoelectric device. 

Finally, the Kamiya-Nomura percolation model was used to compare the InGaZnO TFT and 

pristine thin films. It was observed that all experimental results fit well with the percolation 

model, but the TFT showed a weaker S dependence of PF compared to the thin films. The 

model was also able to estimate a higher maximum PF for the TFT compared to the thin film 

under the same , but it can also be fitted using a higher  to yield a PF of up to ~0.15 mW/mK2, 

almost twice that of typical pristine thin films.     
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Chapter 5. Summary and Future Work 

 

5.1. Summary 

This dissertation proposed several approaches to improve the thermoelectric power 

factor of ZnO-related thin film materials. Specifically, controlling the carrier concentration and 

crystal structure of the thin films are suggested as effective solutions. Carrier concentration can 

be optimized by (1) introducing additional carriers via annealing such as hydrogen or oxygen 

vacancies, (2) inserting dopant layers within the film, and (3) integrating in a thin film transistor 

to confine electrons in an extremely narrow thermoelectrically active region. Additionally, 

shifting the thin film orientation along the c-axis enhances the structural stability leading to 

improved electron transport. 

The main results of this dissertation are summarized as follows: 

Chapter 2 proposed the introduction of HfO2 and TiO2 layers within an atomic layer 

deposited ZnO thin film. It was observed that TiO2/ZnO thin films displayed twice the value 

of carrier concentration compared to pure ZnO, which results to a significantly enhanced 

electrical conductivity. HfO2/ZnO, on the other hand, exhibited superior thermal stability 

owing to an apparent shift of crystal orientation in ZnO due to the introduction of Hf atoms. 

After one thermal cycle, both doped ZnO films showed superior PF compared to pure ZnO 

because the properties of ZnO appears to degrade when subjected to heat, likely arising from 

defect formation. 

In Chapter 3, the effect of hydrogen in the annealing atmosphere on the thermoelectric 

performance of c-axis aligned crystalline and crystal-embedded c-axis aligned crystalline 

InGaZnO was investigated. For amorphous InGaZnO, pure N2 annealing exhibited the highest 
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PF compared to the ones annealed with a small amount of H2 owing to the easy formation of 

oxygen-related defects, which are sources of additional charge carriers. However, it was 

determined that for the crystalline InGaZnO, the supplemental effect of introducing hydrogen 

aided in increasing the amount of charge carriers in the film. The crystalline film is likely 

hindering the easy formation of oxygen-related defects, unlike in the case of amorphous 

InGaZnO. 

Chapter 4 reported that gate voltage modulation in a typical InGaZnO/SiO2 thin film 

transistor greatly impacted the PF at the interface. During the transistor ON state (VG > 0) is 

applied), a tremendous increase in electrical conductivity was observed. This can be attributed 

to the formation of a charge accumulation layer at the InGaZnO/SiO2 interface, which 

significantly narrowed down the thermoelectrically active region. On the other hand, the 

positive gate voltage modulation introduced only a small decreasing effect on the Seebeck 

coefficient, which signifies that its coupling effect with  is successfully suppressed. This led 

to an increase in the PF amounting to three orders of magnitude. During the transistor OFF 

state (VG < 0), negligible thermoelectricity was observed. Additionally, modelling the results 

using the Kamiya-Nomura percolation theory suggests that the InGaZnO TFT can exhibit a PF 

up to twice the maximum PF of pristine thin films. It can therefore be established that the 

provided there is a thermal gradient between the source and drain, the InGaZnO/SiO2 TFT can 

also simultaneously function as a thermoelectric generator. 
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5.2.  Suggestions for Future Work 

5.2.1. Atomic Layer Deposition of New Novel Dopants 

As reported in Chapter 2, inserting novel oxide layers within ZnO by atomic layer 

deposition is a very effective technique in improving the thermoelectric performance and 

stability. However, only a few ZnO dopants have been utilized for thermoelectric applications 

at this point. Therefore, it would be interesting to explore other elements as they may not only 

increase the PF but also bring out unique, interesting properties. Wu, et. al. fabricated an 

alternating multilayered ZnO/SiO2 thin film via sputtering, which exhibits a zT ~ 0.16 at room 

temperature [1]. Ce and Dy, on the other hand, were also explored as potential ZnO dopants 

but their power factors remained inferior [2]. Elements belonging to the lanthanide series are 

relatively rarely explored ZnO dopants, and would be interesting to study. 

In addition, co-doping different elements could potentially lead to synergistic effects. For 

example, co-doping Ti and Hf onto ZnO may lead to combining the merits of both dopants – 

high electrical conductivity for Ti and high electrical and thermal stability of Hf. It would be 

easy to start with Al, since it is a well-established ZnO dopant and widely available as precursor 

for ALD, then pair it with a less-explored dopant. 

 

5.2.2. Thermoelectric Properties of Nanostructured 

ZnO-related Materials 

It was discussed in Chapter 1 that successful decoupling of S and  can be achieved by 

quantum confinement in low dimensional systems. Such low-dimensional systems could come 

in several nanostructured forms – 0D structures such as quantum dots, 1D such as nanowires 

or 2D such as 2D electron gas or quantum wells. Nanostructures based on ZnO-related 
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materials can be utilized for increasing the PF. For example, Yang, et. al. synthesized Sb-doped 

ZnO nanobelts that can generate 1.94 nW power [3]. In a study by Andrews, et. al, In2-

xGaxO3(ZnO)n polytypoid nanowires were fabricated by growing ZnO nanowires followed by 

coating with In and Ga via solid-state diffusion [4]. The resulting nanowires exhibited a 

superlattice structure, which led to a power factor of up to 0.6 mW/mK2. However, there are 

very few studies on the thermoelectric properties of InGaZnO nanowires, and almost none have 

used other high surface area nanostructures such as nanotubes, nanorods, nanoparticles or 

quantum dots.  

 

5.2.3. Alternating Superlattice Structure 

Ohta, et. al. has demonstrated a large enhancement in the Seebeck coefficient in an a-

InZnO/a-InGaZnO superlattice system [5]. The InZnO layers act as the well while the 

InGaZnO layers acts as the barriers, which have thicknesses of 1nm and 6.6 nm, respectively. 

A four-fold increase in the Seebeck coefficient while maintaining the electrical conductivity 

was observed, which implies a decoupling of the properties brough about by the quantum 

confinement effect. For future studies, other amorphous oxides may be used, as long as the 

thicknesses were maintained well below their respective deBroglie wavelengths. The layers of 

the superlattice structure need not be limited to amorphous oxides. For example, Karttunen, et. 

al. demonstrated a flexible ZnO-organic superlattice structure deposited onto cotton substrates 

[6]. 
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