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ABSTRACT     

 

Plasma Enhanced Atomic Layer Deposition of 

Yttria stabilized Zirconia and Its Application to 

Solid Oxide Fuel Cells 

 

Gu Young Cho 

Department of Mechanical and Aerospace Engineering 

Seoul National University 

Student number: 2009-20723 

 

Thin film solid oxide fuel cells (TF-SOFCs) are considered as 

promising next generation energy conversion devices due to its 

many advantages. Because of nanometer class thin film electrolyte 

and electrodes, TF-SOFCs can operate at low temperature (usually 

lower than 500˚C) compared with typical SOFCs (usually above 

700˚C). This low operation temperature of TF-SOFCs allows 

unique strong points, such as fast start up, mitigated thermal 

degradation and relaxed thermal stress. Also, TF-SOFCs have fuel 

flexibility, high efficiency, and no requirement of water management.  

TF-SOFCs are fabricated by using many thin film techniques such 

as sputtering, pulsed laser deposition (PLD), and atomic layer 

deposition (ALD). Among various thin film techniques, ALD is 
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adopted to fabricate thin film electrolyte of TF-SOFCs due to its 

dense and pin-hole free nature. In addition, ALD shows many 

strong points, such as low temperature process (generally lower 

than 400˚C), precise thickness control, superior step coverage, 

and good uniformity because of surface limited reaction. Thus, ALD 

Y2O3 stabilized ZrO2 (YSZ) thin film electrolyte is widely used as a 

thin film electrolyte for TF-SOFCs. However, ALD generally shows 

poor crystallinity (due to low operation temperature), very low 

growth rate, and contamination problems (dependent on oxidant). 

Plasma enhanced atomic layer deposition (PEALD) or plasma 

assisted atomic layer deposition (PAALD) is a kind of energy 

enhanced ALD method. Because of utilization of plasma, PEALD 

shows unique advantages compared with typical ALD, such as, 

improved growth rate, enhanced crystallinity, negligible impurities, 

flexibility of precursor, and expansion of process temperature. In 

spite of above strong points, to the best of our knowledge, PEALD 

YSZ and PEALD YSZ based TF-SOFCs are not studied anywhere. 

Therefore, in this study, investigations of PEALD YSZ thin films 

and PEALD YSZ based TF-SOFCs are carried out. 

First, effects of preparation process on properties of YSZ films are 

evaluated. Sputter, thermal ALD, and PEALD YSZ films are 

compared. Thermal ALD YSZ films show lots of carbon impurities 

due to poor reactivity of oxygen gas as an oxidant. PEALD YSZ and 

sputter YSZ show polycrystalline structure, but thermal ALD YSZ 

film show almost amorphous or nanocrystalline structure. Open 

circuit voltages (OCVs) of TF-SOFC based on sputter YSZ films 

are measured very low value under 500 nm thick compared with 
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thermal ALD or PEALD YSZ thin film electrolyte cell. Interestingly, 

thermal ALD YSZ cell show almost identical OCVs (~0.8V) 

regardless of electrolyte thickness due to internal leakage current 

caused by carbon impurities. In contrast, PEALD YSZ cell show 

higher OCV (1.09 V) and maximum power density (168.2 mW/cm2) 

at 500˚C. TEM analysis also shows that amorphous structure of 

thermal ALD YSZ and polycrystalline structure of PEALD YSZ. To 

improve low OCV of thermal ALD YSZ cell, various after treatments 

are carried out. Surface oxygen plasma treatment, addition of 

PEALD YSZ layer (30nm), and addition of sputter YSZ layer 

(150nm) improved OCVs at 500˚C (more than 1.0 V).  

After comparison of effects of preparation method, properties of 

PEALD YSZ thin films were characterized. Influence of plasma 

power and duration on properties of PEALD YSZ films is 

systematically studied. Chemical composition of PEALD YSZ films 

has no relation with plasma conditions. Also, because of superior 

reactivity of plasma species, all PEALD YSZ films show negligible 

carbon impurities. Interestingly, in-plane conductivities of YSZ 

films are improved as the plasma power and duration were 

increased. TEM analysis shows that higher plasma power and 

duration induced almost epitaxial growth of YSZ films and less grain 

boundaries. Finally, electrochemical characteristics of 200 W-16 s 

PEALD YSZ based TF-SOFC are carried out at 450 ˚C (95.4 

mW/cm2) and 550 ˚C (217.5 mW/cm2).  

After characterization, optimization of Y2O3 concentration of PEALD 

YSZ thin film electrolyte is carried out. Y2O3 concentration is 

controlled by changing ZrO2 : Y2O3 ratio in the YSZ supercycle. 
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Regardless of very similar surface morphology, cross-sectional 

structure, and degree of crystallinity, higher Y2O3 concentrated 

PEALD YSZ cell (10.73 mol. % Y2O3) show the best performance 

(180 mW/cm2) compared with other cells (32.4 mol. % - 27 

mW/cm2, 7. 24 mol. % - 143 mW/cm2, and 4.95 mol. % - 83 

mW/cm2) at 450˚C due to higher density of oxygen vacancies at 

the cathode-electrolyte interface.  

In addition, ZrO2 is considered as a promising high k material. In 

order to use various strong points of ZrO2 for temperature sensitive 

substrates, such as polymers or metal foils, low temperature (100 

˚C) PEALD ZrO2 deposition process is developed, and then, 

chemical, physical, and electrical properties of LT PEALD ZrO2 thin 

films are characterized. Impurities in LT PEALD ZrO2 films are 

negligible due to superior reactivity of plasma species despite of 

low temperature. As the plasma power and duration are increased, 

crystal structure, leakage current characteristics, capacitance 

characteristics of LT-PEALD ZrO2 films are improved. Dielectric 

constants of LT PEALD ZrO2 films are calculated from capacitance 

characteristics. 

Lastly, PEALD Y2O3 thin film deposition process is also developed, 

and then, chemical, physical and electrical characteristics of PEALD 

Y2O3 thin films are investigated. Regardless of deposition 

temperature of Y2O3 films, all Y2O3 films show negligible carbon 

contaminations compared with thermal Y2O3 films with O2 reactant 

because of superior reactivity of oxygen plasma. Degree of 

crystallinity and film density of PEALD Y2O3 thin films are improved 

as the deposition temperature is increased. Dielectric constant of 
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PEALD Y2O3 thin films are calculated by using capacitance 

characteristics measured by metal-insulator-metal (MIM) 

structure.  

This study is devoted to investigate properties of PEALD YSZ and 

characterize TF-SOFCs based on PEALD YSZ thin film electrolyte. 

By evaluation of influence of plasma power and duration on 

properties of PEALD YSZ, comparison between thermal ALD YSZ 

and PEALD YSZ, and optimization of Y2O3 concentration of PEALD 

YSZ for TF-SOFCs are systematically carried out. The results of 

this study may help to expand the utilization of PEALD and TF-

SOFCs for various applications. 

 

 

Key words: Thin film solid oxide fuel cells, plasma enhanced atomic 

layer deposition, atomic layer deposition, yttria-stabilized zirconia, 

thin film, anodized aluminum oxide.   
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CHAPTER 1 INTRODUCTION 

 

 

1.1 Motivation  

 

Fuel cells are considered as the next generation power 

solutions because of their inherent many strong points. Fuel 

cells produce electricity by using electrochemical reactions 

which allows direct conversion from chemical energy of fuel 

to electrical energy without any complex and inefficient mid-

process steps. This is the origin of many strong points of fuel 

cells and the most obvious difference from internal 

combustion power sources which use hydrocarbon fuel such 

as gasoline or diesel. In terms of utilization of electrochemical 

reactions, fuel cells are more similar to batteries than internal 

combustion power sources. In contrast, fuel cells can produce 

electricity as long as the fuel is supplied like internal 

combustion engines. [1–3] In summary, fuel cells have 

advantage of both batteries (direct production of electricity 

from fuel by using electrochemical reactions) and internal 

combustion engines (production of electricity as long as the 

fuel is supplied).  

In addition, fuel cells have more interesting advantages. [1] 

Compared with the internal combustion engines, because of 

direct conversion from chemical energy to electrical energy 
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by electrochemical reactions, fuel cells are generally more 

efficient. In addition, fuel cells usually have no mechanical 

moving components. It implies that fuel cells are absolutely 

silent, long-lasting, and reliable than internal combustion 

power generators. Moreover, typical fuel cells generate 

almost zero emissions such as COx, NOx and SOx when H2 is 

used as a fuel. Compared with the batteries, fuel cells usually 

have higher energy density and are generally recharged 

shortly by re-fueling. Also, fuel cells have scalability in 

power and capacity from watt class (portable recharger of 

smart devices) to megawatt class (power plant or stationary 

power unit). [1–3]  

 

 PEMFC PAFC AFC MCFC SOFC 

Electrolyte 
Polymer 

membrane 

Liquid 

H3PO4 

Liquid 

KOH 

Morten 

carbonate 
Ceramic 

Charge 

carrier 
H+ H+ OH- CO3

2- O2- 

Operating 

temperature 
80˚C 200˚C 60-220˚C 650˚C 600-1000˚C 

Catalyst Platinum Platinum Platinum Nickel 
Perovskite 

(ceramic) 

Cell 

components 
Carbon based Carbon based Carbon based 

Stainless 

based 

Ceramic 

based 

Fuel 

compatibility 
H2, methanol H2 H2 

H2, 

CH4 

H2, CH4, 

CO 

Table 1.1. Description of fuel cell types [1] 

 

In general, fuel cells are categorized by their electrolytes or 
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operation temperature. [1] Table 1.1. shows major fuel cells,  

phosphoric acid fuel cells (PAFCs), polymer electrolyte 

membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs), 

molten carbonate fuel cells (MCFCs), and solid oxide fuel 

cells (SOFCs)) classified in their electrolytes and operation 

temperature. Among fuel cells listed in table 1.1, SOFCs, kind 

of high temperature fuel cells (HTFCs), use stabilized (or 

doped) oxide electrolytes such as Y2O3 stabilized ZrO2 (YSZ), 

Gd2O3 doped CeO2 (GDC), Y2O3 doped CeO2 (YDC), Sc2O3 

stabilized ZrO2 (ScSZ), and yttrium doped barium zirconate 

(BZY). [1,2,4–84]  

Typical SOFCs are generally operated at high temperature 

(> 700˚C) due to temperature dependent ion conductivity of 

ceramic electrolyte, i.e. poor ionic conductivity at low 

temperature. In SOFCs, fundamental electrochemical reactions 

are as follows using H2 as a fuel. [1,2] 

 

(Anode) 2𝐻𝐻2 + 𝑂𝑂2− → 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− 

(Cathode) 
1
2
𝑂𝑂2 + 2𝑒𝑒− → 𝑂𝑂2− 

 

SOFCs have been researched due to their unique strong 

points compared with other fuel cells because of their high 

operation temperature (> 700˚C). [1,2,4–86] SOFCs 

generally show high efficiency, especially in the form of 
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combined heat power generation. [85,86] Because of oxide 

electrolyte, there is no fuel cross-over problem through 

electrolyte which is a crucial problem of PEMFCs or direct 

methanol fuel cells (DMFCs). SOFCs have no water 

management problem which is also the most critical problem 

in PEMCs or DMFCs due to high operation temperature. Also, 

because of high operation temperature, SOFCs have no 

requirement of noble metal catalyst such as platinum (Pt), 

palladium (Pd), or Ruthenium (Ru) to enhance electrochemical 

reactions. In addition, there is no CO poisoning problems 

which is also one of the most critical problems in PEMFCs. 

Moreover, SOFCs can use hydrocarbon fuels directly such as 

methane and butane due to high operation temperature. (fuel 

flexibility)  

This high operation temperature of SOFC causes not only 

many advantages but also many crucial problems. [1,2,4–84] 

SOFCs usually require high cost thermal resist materials to 

compose power generation systems. SOFCs also have sealing 

problem, thermal degradation problems of materials, severe 

thermal stress problems caused by mismatch of thermal 

expansion coefficient between components. [1,2,4–84] 

In order to mitigate these problems caused by high 

operation temperature of SOFCs, there have been many 

researches to lower the operation temperature of SOFCs. [4–

84] The ohmic resistance mainly caused by ionic conduction 
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through electrolyte is calculated by a followed equation. 

 

R = ρ ×
𝐿𝐿
𝐴𝐴

=
1
𝜎𝜎

×
𝐿𝐿
𝐴𝐴
 

 

Where R is a resistance, ρ is a resistivity, σ is a 

conductivity, L is a length (thickness of electrolyte), and A is 

an cross sectional area.  

According to the above equation, there are two main 

research approaches to compensate poor ionic conductivity 

(severe ohmic resistance) of solid oxide electrolyte at low 

temperature. [1,2] The one method is to develop new 

materials with high ionic conductivity (increase σ) at reduced 

temperature such as GDC, YDC, and BZY. [6,12,26,30,39,87–

93] The other approach is to apply semiconductor thin film 

techniques such as pulsed laser deposition (PLD), sputter, 

spray pyrolysis, chemical solution deposition (CSD), chemical 

vapor deposition (CVD), atomic layer deposition (ALD), and 

plasma enhance atomic layer deposition (PEALD) to minimize 

the thickness of electrolyte (reduce L). [4–84] Thin film 

electrolyte prepared by above mentioned thin film techniques 

can reduce the ionic path about nanometer scale between 

anode and cathode, and then, minimize the ohmic resistance 

caused by electrolyte and achieve high performance at low 

temperature. [4–84] In terms of utilization of thin film 
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facilities, display or semiconductor production facilities, i.e. 

thin film technique facilities – sputter, CVD and ALD, can be 

used to fabricate thin film solid oxide fuel cells (TF-SOFCs) 

composed of thin film electrodes and electrolyte. This implies 

that TF-SOFCs are much favorable to mass production than 

typical SOFCs fabricated by wet process such as sol-gel or 

screen printing methods due to fast and precise 

characteristics of semiconductor thin film techniques. Because 

of these reasons, intensive researches have been conducted 

about TF-SOFCs operated at low temperature (< 550˚C), 

recently. [4–84] 

Y2O3 stabilized ZrO2 (YSZ) or Y2O3 doped ZrO2 (YDZ) is the 

most well-known and reliable oxygen ion conducting material 

for SOFCs, oxygen pumps, and oxygen membranes because of 

its relatively high oxygen ion conductivity at high temperature, 

low electron conductivity, and superior chemical stability for 

both reducing and oxidizing environment. [1,2,5,21,94] 

Because of above strong points of YSZ, YSZ is used or studied 

for many applications, such as a gate oxide for dynamic 

random access memories, thermal barrier coatings, bonding 

coatings, buffer layers for high temperature superconducting, 

and ferroelectric films. [94–99]  However, most of all, YSZ is 

usually used as an oxygen ion conducting electrolyte for 

typical SOFCs or TF-SOFCs. In prior studies of TF-SOFCs, 

YSZ thin film electrolytes are prepared by various thin film 
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techniques such as PLD, magnetron reactive / radio frequency 

(RF) sputtering, CSD, CVD, ALD, PEALD and etc. [4–84,100–

107] 

In TF-SOFCs, quality of thin film electrolyte such as 

defects, stoichiometry, and contaminations is the critical issue 

to ensure high performance – voltage, maximum power 

density – of fuel cells at low temperature. Especially, pin-

hole like defects in thin film electrolyte can cause internal 

short circuit or break gas tightness between anode and 

cathode, and then, can reduce the performance of TF-SOFCs. 

[1,36,72,81] Interestingly, considering requirements of thin 

film electrolyte, ALD or PEALD are quite appropriate to 

deposit thin film electrolyte compared with aforementioned 

various thin film techniques. ALD is a kind of chemical vapor 

deposition method. Different from CVD, precursor (source) 

pulsing step and oxidant (reactant) pulsing step are perfectly 

separated by purging steps. Because of this separated process, 

ALD generally shows superior step coverage and uniformity 

of thin films. Moreover, it is widely known that thin films 

prepared by ALD have no pinhole like defects. [108–112] 

This indicates that ALD process is clearly suitable for 

fabrication of TF-SOFCs, especially thin film electrolyte 

which needs strict requirements about pinhole free and gas 

tightness. Consequently, extensive researches on TF-SOFCs 

based on ALD have been carried out. [4,17,19,21,28] PEALD, 
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a kind of energy enhanced ALD method, also have 

fundamental advantages of typical ALD. In addition, thin films 

prepared by PEALD usually show enhanced crystallinity, less 

impurities, and improved stoichiometry compared with the 

typical thermal ALD because of superior reactivity of plasma 

species such as activated atoms, ions, and electrons. Because 

of these advantages, researches about thin films including 

oxides and pure metals prepared by PEALD have been 

gradually increased recent years. [108,110,112] However, to 

the best of our knowledge, there have been no researches 

about TF-SOFCs based on PEALD. 

Therefore, TF-SOFCs based on thin film YSZ electrolyte 

prepared by PEALD, as a promising power generation devices 

combined with the next generation thin film techniques, 

become attractive research subject. 
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1.2 Background Studies 

 

 

1.2.1 Thin Film Solid Oxide Fuel Cells 

 

 

 

Figure 1.1. Schematics of free-standing TF-SOFCs 

 

TF-SOFCs are categorized in two different types according 

to their substrate structure. The one is the free-standing 

TF-SOFCs. Figure 1.1. shows schematics of free-standing 

TF-SOFCs. By combining microelectromechanical system 

(MEMS) process (e.g. deep reactive ion etching process and 

photolithography process) and thin film techniques (sputter 

and ALD), most of free-standing TF-SOFCs have tens of 

nanometer scale thin film electrolyte.[46–52,54–60] 

Furthermore, MEMS process allows 3-dimensional structure 

of TF-SOFCS such as corrugated structure and pyramid 

structure. [28,32] In prior research about the flat free 

standing TF-SOFCs, ~ 1.0 V open circuit voltages (OCVs) 
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and 155 mW/cm2 ~ power density were measured at 510 ˚C 

by using sputtered 54 nm thick YSZ thin film electrolyte. [57] 

In other studies about the flat free standing TF-SOFCs, 1.02 

V ~ 1.10V open circuit voltages (OCVs) and 28 mW/cm2 ~ 

270 mW/cm2 power density are measured in the temperature 

range from 265 ˚C ~ 350 ˚C by using 60 nm thick ALD 

YSZ thin film electrolyte. [21] Improved charge transfer 

kinetics of ALD YSZ caused by nano-crystalline YSZ films is 

speculated by enhancement of performance. In spite of high 

power density of flat free-standing TF-SOFCs, its total 

power output (W) is too small to apply in practical use 

because of limited electrochemical active area of fuel cells. 

Electrochemical active areas of typical flat free standing TF-

SOFCs are usually hundreds of square nanometer due to 

thermos-mechanical stability. [46–52,54–60] In order to 

overcome this limited active area, aforementioned various 3-

dimensional nano-structuring methods are applied to free-

standing TF-SOFCs. [28,32] Corrugated 3-dimensional 

structure composed of cup-shapes by deep reactive ion 

etching is applied to free-standing TF-SOFCs. [32] This 

corrugated free standing TF-SOFCs shows 677 mW/cm2 at 

400 ˚C with 70 nm thick ALD YSZ thin films electrolyte 

which is almost 1.9 times higher perk power density than flat 

free-standing TF-SOFCs. Also, 3-dimensional pyramid 

structure of free standing TF-SOFCs is prepared by using 
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nano-sphere lithography method to enlarge the 

electrochemical active area and ALD YSZ thin film electrolyte 

(~50 nm). [28] Including Y2O3 doped CeO2 (YDC) cathode 

functional layer which helps oxygen reduction reactions 

(ORRs), 3-dimensional free-standing TF-SOFCs show 1.34 

W/cm2 at 450 ˚C. 

 

 

Figure 1.2. Schematics of AAO-based TF-SOFCs 

 

The other is the nano-porous template based TF-SOFCs 

such as anodic aluminum oxide (AAO) based TF-SOFCs. 

[4,6,9–11,13–15,17,19,25,64,113] Figure 1.2. illustrates the 

schematics of AAO-based TF-SOFCs. Nano-porous 

substrates such as AAO provide both superior thermo-

mechanical stability and effective gas (fuel) supply to 

electrode at the same time. This superior thermo-mechanical 

stable nano-porous supporting structure allows the 

enlargement of electrochemical active area in square 

centimeter scale. [11] Nano-porous template based TF-

SOFCs is also relatively easy and simple to fabricate by using 
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thin film techniques compared with free-standing TF-SOFCs 

which require complex MEMS process such as reactive ion 

etching and photolithography patterning. Moreover, sandwich 

structure of electrode between oxide template and electrolyte 

helps to mitigate thermal degradation of bottom electrode. 

Because of above advantages of nano-porous templates, 

researches about nano-porous substrate based TF-SOFCs 

are intensively carried out recently. [4,6,9–11,13–

15,17,19,25,64,113] Park et al. shows influence of anode 

structure on electrochemical characteristics of AAO based 

TF-SOFCs. [15] Porous and thick anode helps to increase 

triple phase boundaries (TPBs) where electrochemical 

reactions are occurred between anode and electrolyte 

interface and to reduce in-plane electronic resistance at 

bottom electrode, and then, enhance the performance of TF-

SOFCs. Park et al. reported that 450 nm thick porous Pt anode 

(using sputtering, prepared at 12 Pa of Ar) showed 165 

mW/cm2 at 500 ˚C with 500 nm thick sputtered YSZ thin film 

electrolyte which is 2.8 times higher than 450 nm dense Pt 

anode (80 nm diameter AAO, using sputtering, prepared at 

0.67 Pa of Ar) Ji et al. reported that TF-SOFCs based on 

same templates with 20 nm thick GDC anode functional layer 

which was inserted between bottom electrode and electrolyte 

showed 120 mW/cm2 at 500 ˚C with 500 nm thick sputtered 

YSZ thin film electrolyte [10] Ji et al. also reported that ALD 
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YSZ – sputtered GDC bilayer thin film electrolyte on identical 

AAO templates measured 110 mW/cm2 at 450 ˚C with dense 

Pt ALD cathode catalyst layer with porous Pd cathode. [9] Ha 

et al. reported that results of ALD YSZ – sputter YSZ hybrid 

thin film electrolyte based high performance TF-SOFCs – 

180 mW/cm2 at 450 ˚C. [19] In addition, S. Ji et al. reported 

results of AAO based PEALD YSZ thin film electrolyte TF-

SOFCs with 70 nm thick PEALD YSZ thin film electrolyte – 

175 mW/cm2 at 500 ˚C. [17] 

However, because of inherent relatively rough surface, AAO 

based TF-SOFCs are usually trouble with pinholes or defects 

problems in thin film electrolyte. [113] In order to minimize 

the possibility of formation of pinholes during fabrication of 

thin film electrolyte and mitigate the roughness of surface of 

anode, AAO based TF-SOFCs usually have hundreds of 

nanometer thick dense anode structure on supporting 

templates and hundreds of nanometer thick electrolyte. 

[4,6,9–11,13–15,17,19,25,64,113] Most of prior studies based 

on 80 nm diameter pore AAO used from 150 nm to 450 nm 

thick Pt anode. [4,6,9–11,13–15] In addition, insertion of 

blocking layer to prevent growth of pinholes or defects by 

using dense and pinhole free nature of ALD thin films. 

[113,114] Kwon et al, used ALD Al2O3 functional layer to 

prevent growth of pinhole in YSZ thin film electrolyte 

prepared by PLD. TF-SOFCs with Al2O3 functional layer cell 
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showed 350 mW/cm2 at 500 ˚C. Yu et al, also used PEALD 

YSZ functional layer for same purpose – the defect blocking 

layer. TF-SOFCs with PEALD YSZ functional layer and GDC 

cathode functional layer showed at 172 mW/cm2 at 500 ˚C. 

In summary, there are two types of TF-SOFCs – free-

standing TF-SOFCs and nano-porous template based TF-

SOFCs. Free-standing TF-SOFCs usually shows superior 

maximum power density even at low temperature. However, 

free-standing TF-SOFCs are generally troubled with 

thermo-mechanical problems due to their mechanically 

unstable structure and insufficient electrochemical active area 

(total power output). In contrast, nano-porous template based 

TF-SOFCs, e.g. AAO based TF-SOFCs, shows slightly lower 

power density compared with free-standing TF-SOFCs. 

Nevertheless, because of fully supporting structure, AAO 

based TF-SOFCs generally shows superior thermo-

mechanical stability and much larger electrochemical active 

area compared with free-standing TF-SOFCs. Therefore, the 

use of nano-porous templates (AAOs) as the supporting 

microstructure for the TF-SOFCs allows the preparation of 

thin (sub-micrometer thick), denes, mechanically stable 

electrolyte of high ionic conductive and minimum thickness to 

maximize the performance of TF-SOFCs. If ALD or PEALD 

methods are applied to fabricate or modify thin film 

electrolytes, the thickness of electrolyte can be minimized.  
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1.2.2 Atomic Layer Deposition  

 

 

 

Figure 1.3. Sequential process steps of the thermal ALD cycle 

 

As mentioned above, atomic layer deposition (ALD) or atomic 

layer epitaxy (ALE) is a kind of modified chemical vapor deposition. 

Figure 1.3. shows sequential process steps of the thermal ALD 

cycle. As seen in figure 1.3., one ALD process is composed of four 

different steps, as follows: 1) first precursor (source) pulsing: gas 

state precursor molecules are introduced into reaction chamber 

where the substrate is positioned at specific temperature. 
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Physisorption or chemisorption of precursor molecules are 

happened – 2) purging un-reacted excessive precursor: in order to 

prevent gas state reactions between excessive reactant molecules 

(not physisorbed or chemisorbed molecules) and oxidant molecules 

which will be introduced next step, remaining precursor molecules 

are removed. – 3) reactant (oxidant) pulsing and chemical 

reactions: gas state reactant molecules are introduced to reaction 

chamber and chemical reactions are occurred between first 

precursor molecules and reactant molecules. – 4) purging un-

reacted remaining reactant: similar to step 2), in the same manner, 

un-reacted reactant molecules are removed. Because of this unique 

process which is perfectly separated precursor pulsing and reactant 

pulsing by purging steps, surface self-limited reactions are 

occurred. Thus, ALD has distinct strong points compared with other 

thin film techniques including CVD. Thin films fabricated by ALD 

generally show good uniformity with smooth surface. Also, precise 

thickness control (theoretically from angstrom to nanometer scale) 

of target thin film is available. In addition, superior step coverage 

and conformality of thin films on complex 3-dimensional structure 

is possible.  

Because of above many strong points, ALD YSZ is intensively 

applied as a functional layer of SOFCs or thin film electrolyte of 

TF-SOFCs. Also, intensive studies about physical, chemical, and 

electrochemical characteristics of ALD YSZ films have been carried 

out. [4,6,19,21,28,32,36,38,41,43,45] As mentioned above, Shim et 

al. prepared ALD YSZ thin films by using custom-made thermal 

ALD and applied as a thin film electrolyte of free-standing TF-
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SOFCs. [21] In order to deposit 8 mol. % Y2O3 in YSZ thin films 

which is generally known the best conductivity, ratio between ZrO2 

vs. Y2O3 in the YSZ supercycle was maintained 7 during deposition. 

The fuel cell showed 28 mW/cm2 ~ 270 mW/cm2 in the temperature 

range from 265 ˚C ~ 350 ˚C, respectively. Because of pinhole 

free nature of ALD, only 60 nm thick YSZ thin film successfully 

acted as electrolyte (prevent formation of short circuit, maintain 

gas tightness, and oxygen ion conductivity). The fuel cell with ALD 

YSZ thin film electrolyte showed much higher performance than the 

cell with sputter YSZ thin film electrolyte. It was speculated that 

nanocrystalline characteristics of ALD YSZ thin films are the reason 

of this high performance. ALD YSZ thin films also used as a thin 

film electrolyte of 3-dimensional free standing TF-SOFCs because 

of superior step coverage and comformality. Su et al. reported that 

corrugated free standing TF-SOFCs with ALD YSZ thin film 

electrolyte. [32] The cell showed 677 mW/cm2 and 861 mW/cm2 at 

400 ˚C and 450 ˚C, respectively. In addition, An et al. also 

reported three dimensional pyramid structured free-standing TF-

SOFCs based on ALD YSZ and PVD YDC bilayer thin film 

electrolyte. (1.3 W/cm2 at 450 ˚C) Interestingly, Son et al. 

investigated influence of Y2O3 concentration of ALD YSZ thin films 

on in-plane conductivity. [115] Different from generally known 

results (8 mol. % Y2O3 concentration shows best ionic conductivity 

in bulk YSZ), 10.9 mol. % of Y2O3 concentrated YSZ thin film 

showed best in-plane oxygen ion conductivity. Inhomogeneous 

Y2O3 doping was believed to the reason of the difference of optimal 

Y2O3 concentration between bulk YSZ and ALD YSZ. Notably, Chao 
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et al. reported that effects of Y2O3 concentration on cathode 

functional layered of ALD YSZ. [41,43] Similar to results of in-

plane conductivity of ALD YSZ thin films, highly Y2O3 concentrated 

ALD YSZ (11~14 mol. % Y2O3) thin films showed best performance 

enhancement. It was considered that high Y2O3 concentration in the 

ALD YSZ films increases the oxygen vacancies at the surface of 

electrolyte which helps the oxygen incorporation reactions at 

cathode-electrolyte interface. 
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1.2.3 Plasma Enhance Atomic Layer Deposition 

 

 

 

Figure 1.4. Sequential process steps of the PEALD cycle 

 

 Plasma enhance atomic layer deposition (PEALD), or plasma 

assisted atomic layer deposition (PAALD) is a type of energy 

enhance atomic layer deposition method. [108,110,112] PEALD is 

basically identical with typical thermal ALD except utilization of 

plasma power source. Figure 1.4. shows the sequential process 

steps of the PEALD cycle. As seen in figure 1.4., the most obvious 

difference of the PEALD for thermal ALD is that plasma generation 
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at reactant step which means utilization of the superior reactivity of 

plasma species – activated atoms, ions, and electrons as a reactant. 

Because of superior reactivity of plasma species compared with 

typical reactant of thermal ALD – O2, O3, or deionized water, 

PEALD shows exclusive strong points compared with thermal ALD. 

Based on typical thermal ALD’s advantages, PEALD generally 

shows higher growth rate than typical thermal ALD. Moreover, by 

using PEALD, high quality thin films can be achievable such as 

improved crystallinity (supply of additional energy by bombardment 

of plasma species), increased film density (supply of additional 

energy by bombardment of plasma species) less impurities 

(superior reactivity of plasma species), improved stoichiometry 

(superior reactivity of plasma species), flexibility of precursor 

(superior reactivity of plasma species), and expansion of ALD 

window to low temperature area (superior reactivity of plasma 

species). [108,110,112] Because of above strong points, there have 

been intensive researches about thin films prepared by PEALD, 

including high k oxide material thin films to apply semiconductor or 

display. [108,110,112] However, to the best of author ’ s 

knowledge, there are no earlier researches about application of 

PEALD to fabricate YSZ thin films and TF-SOFCs. As a result, 

characterization of PEALD YSZ and application of PEALD YSZ to 

TF-SOFCs will provide significant insights in the design of high 

performance TF-SOFCs. 
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1.3 Thesis Outlines  

 

This thesis concentrates on characteristics of PEALD YSZ and 

utilization of PEALD YSZ as oxygen ion conducting thin film 

electrolytes of AAO based TF-SOFCs. The main body of this 

dissertation composed of 6 chapters. Each chapter organizes as 

follows: 

 

Chapter 2 describes the properties of PEALD YSZ thin films. 

Influences of plasma power and plasma duration on chemical, 

physical and electrochemical characteristics of the PEALD YSZ thin 

films are investigated. First, chemical and physical characterizations 

of PEALD YSZ (chemical composition, crystallinity, surface 

morphology, and ionic conductivity) were carried out. In addition, 

electrochemical characterization of PEALD YSZ was carried out as 

a thin film electrolyte of AAO based TF-SOFCs. 

 

Chapter 3 describes effects of preparation techniques on 

properties of YSZ thin films. Sputter, thermal ALD, and PEALD YSZ 

thin films were compared. Chemical and physical characteristics of 

YSZ thin films were measured. Finally, in order to investigate 

electrochemical properties of YSZ thin films, AAO based TF-

SOFCs were used. 

 

Chapter 4 describes optimization of Y2O3 doping in PEALD YSZ 

thin film electrolyte for TF-SOFCs. Various YSZ thin films with 
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different Y2O3 concentration were fabricated by controlling Y2O3 vs 

ZrO2 process ratio in the YSZ supercycle. Chemical, physical, 

electrochemical properties of various YSZ thin films with different 

Y2O3 concentration were evaluated to clarify optimization of Y2O3 

concentration of YSZ thin film electrolyte for TF-SOFCs.. 

 

Chapter 5 describes properties of ZrO2 thin films prepared by 

PEALD at low temperature (100 ˚C). In order to apply to low 

temperature flexible material (polymers and metal foils), low 

temperature (LT) PEALD ZrO2 process was developed. Chemical 

(chemical composition), physical (crystallinity and crystal structure, 

surface morphology), and electrical properties (leakage current vs. 

applied voltage and capacitance vs. applied voltage) of LT PEALD 

ZrO2 thin films were investigated.  

 

Chapter 6 describes characteristics of Y2O3 thin films prepared by 

PEALD. Similar to PEALD YSZ, there have been no previous 

studies about properties of PEALD Y2O3 thin films. In this chapter, 

therefore, PEALD Y2O3 thin film process was developed. Similar to 

chapter 5, chemical, physical, and electrical characteristics of 

PEALD Y2O3 films were systematically examined. 
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CHAPTER 2 EFFECTS OF PREPARATION PROCESS ON 

CHARACTERISTICS OF YSZ THIN FILMS 

 

 

2.1 Introduction 

 

 

Recently, there have been many researches about TF-SOFCs 

using YSZ thin film electrolyte prepared by various thin film 

techniques such as PLD, sputter, CSD, CVD, ALD, and PEALD. [4–

84] 

PLD, one of the most well-known physical vapor deposition (PVD) 

techniques, is widely utilized to deposit thin films such as 

compounds and alloys with controlled stoichiometry of chemical 

composition. By using pulse of high power laser, atoms or clusters 

are ablated or evaporated from the target surface, and then, 

deposited on the surface of substrates. PLD has relatively simple 

system design and can use many forms of targets – powder, single 

crystal, and polycrystalline pellets with complex chemical 

composition. However, limitation of uniform area which is the most 

critical and severe problem of PLD prevents industrial application of 

PLD. [122]  

Sputter uses bombardments of energetic ions on the surface of 

target material (collision between energetic ions and surface atoms) 

to eject required atoms from the target surface and deposits thin 
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films on substrates. Sputter can fabricate almost any materials such 

as pure metal, alloy, oxide, and nitrides. Also, process conditions 

are highly reliable due to inherent simple structure. However, like 

PLD, limitation of uniformity and poor step coverage are also 

critical problems for industrial utilization. [122] 

ALD and PEALD, advanced CVD methods, have exclusive 

characteristics compared with PLD or sputter. Because of self-

limited, perfectly separated process, thin films fabricated by ALD or 

PEALD show better uniformity, superior step-coverage, 

controllability of thickness in nanometer scale, defect free, and 

nanocrystalline characteristics. [108,110,112]  

Considering aforementioned unique characteristics of each thin 

film techniques, one can imagine that characteristics of nano-thin 

YSZ films are affected easily by preparation methods. Actually, 

chemical composition, crystallinity, and microstructures of films 

straightly affect on their characteristics and performance of devices 

such as YSZ thin film electrolyte based TF-SOFCs. 

[39,103,105,118–120] However, there are no intensive studies 

about influence of preparation methods on properties of YSZ thin 

films at the fuel cell level.  

Therefore, in this chapter, characteristics of YSZ thin films which 

are prepared by different thin film techniques – sputter (physical 

vapor deposition, well-known PVD method, easy to handling), 

thermal ALD (chemical vapor deposition, precise thickness control, 

low degree of crystallinity, carbon contamination), and PEALD 

(chemical vapor deposition, negligible impurities, high degree of 

crystallinity, negligible impurity) – are compared and investigated 
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before application of YSZ thin film electrolyte of TF-SOFCs. After 

analysis of characteristics of YSZ thin films, YSZ thin film 

electrolytes are applied to TF-SOFCs to evaluate influence of 

fabrication methods on electrochemical characteristics. 
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2.2 Experimental 

 

 

As mentioned above, YSZ thin films were prepared by sputter, 

thermal ALD, and PEALD methods.  

For sputter YSZ films, a commercial sputtering system with RF 

power source (A-tech Korea) and a commercial Y-Zr metal alloy 

(16 atomic % Y, Adventech Korea, Korea) target was used. 

Fabrication of sputter YSZ film was carried out with 200 W of RF 

power at 0.67 Pa of Ar/O2 mixing gas (20 vol. % O2).  

For thermal ALD YSZ and PEALD YSZ films, a commercial 

showerhead type direct PEALD system with capacitively coupled 

plasma power source was used (Atomic premium, CN1, Korea). 

High purity oxygen gas (99.999%, Shinjin gas, Korea) was used as 

an oxidant for thermal ALD YSZ and oxygen plasma was used as an 

oxidant for PEALD YSZ. The commercial tetrakis-(dimethylamino) 

zirconium precursor (TDMAZ, Sigma Aldrich, USA) and the tris-

(methylcyclopentadienyl) yttrium (Strem chemicals, USA) were 

utilized as a source of ZrO2 and Y2O3, respectively. The temperature 

of stainless steel canisters were maintained at 50 ˚C for Zr and 

150 ˚C for Y, respectively. Stainless steel lines which connected 

between canisters and the reaction chamber were also maintained 

at 70 ˚C for Zr line and 165 ˚C for Y line to prevent condensation 

of precursor. Preparation of thermal ALD YSZ and PEALD YSZ 

were conducted at 250 ˚C which is well known ALD window of 

above precursors. [4–6,12,17,19,21,28,32,36,38,41,43,114,123] 
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The thermal ALD ZrO2 process cycle was composed of as 

followed steps: 1) Zr pulse (3 s) – 2) Ar purging (40 s) – 3) O2 

pulse (10 s) – 4) Ar purging (40 s). The thermal ALD Y2O3 

process cycle was composed of similar steps: 1) Y pulse (3 s) – 2) 

Ar purging (75 s) – 3) O2 pulse (10 s) – 4) Ar purging (75 s). 

Because of the poor reactivity of O2 gas for ALD process, O2 pulse 

time was maintained 10 s to reduce impurities as much as possible. 

For PEALD, the PEALD ZrO2 process cycle was also composed of 

several steps: 1) Zr pulse (3 s) – 2) Ar purging (40 s) – 3) O2 

pulse (1 s) – 4) O2 pulse with plasma (3 s) – 5) Ar pulse (40 s). 

Also, the PEALD Y2O3 process cycle was composed of as followed 

steps: 1) Y pulse (3 s) – 2) Ar purging (75 s) – 3) O2 pulse (1 s) 

– 4) O2 pulse with plasma (3 s) – 4) Ar purging (75 s). In order to 

stabilize the oxygen partial pressure before plasma generation, 1 

second of O2 pulse step was inserted before O2 plasma step. To 

prepare YSZ thin films with proper Y2O3 concentration, YSZ was 

prepared by combination of ZrO2 process and Y2O3 process – YSZ 

supercycle. In this study, like various prior studies, 1 YSZ 

supercycle was composed of 7 ZrO2 process and 1 Y2O3 process for 

both thermal ALD and PEALD to secure enough Y2O3 concentration 

(7~9 mol % Y2O3). [4–6,12,17,19,21,28,32,36,38,41,43,114,123] 

Pieces of (100) Si wafer (LG siltron, Korea) were used for 

characterization of YSZ films. Before YSZ film deposition, wafer 

pieces were cleaned with acetone, ethanol, and deionized water for 

10 minutes at 40 ˚C by using ultrasonic bath. Chemical 

compositions of YSZ films were measured by x-ray photoelectron 

spectroscopy (XPS, Theta probe base system, spot diameter: 400μ
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m, Al Kα (1486.6 eV), Thermo Fisher Scientific, USA). 150 eV Ar 

ion etching was conducted for 15 s before measurement to remove 

surface impurities. Crystal structures of YSZ thin films on Si wafer 

were analyzed by using x-ray diffraction (XRD, X ’ pert Pro, 

PANalytical, Netherlands, Cu Kα source) Detailed Cross-sectional 

structure of thermal ALD YSZ and PEALD YSZ thin film electrolyte 

based TF-SOFCs were evaluated by high resolution transmission 

electron microscopy (HRTEM, JEM-2100F, JEOL, Japan) with 200 

keV operation voltage. 

In order to characterize electrochemical characteristics of YSZ 

films, nano-porous AAO based TF-SOFCs were prepared with 

YSZ thin film electrolyte deposited by sputter, thermal ALD, and 

PEALD. First, dense Pt anode film was deposited on a bare AAO 

template to make smooth and flat surface for thin film electrolyte. 

200 W of DC sputtering power was applied to pure Pt target at 0.67 

Pa of Ar working pressure. After preparation of anode, YSZ thin 

film electrolyte was fabricated by various methods. Finally, porous 

Pt cathode was deposited on the top of YSZ thin film electrolyte to 

maximize triple phase boundaries (TPBs). Similar to anode, 100 W 

of DC power was used at 12 Pa of Ar pressure. Electrochemical 

characteristics were carried out at 500 ˚C with 30 sccm of pure H2 

by using custom-made experimental set-up. OCV, current density 

– voltage behavior, and EIS characteristics of TF-SOFCs were 

measured by using Solartron 1287/1260 (Solartron, UK). EIS 

measurements were conducted in the frequency range from 2 MHz 

to 2 Hz. 
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2.3 Results and Discussion 

 

First, in order to examine influence of fabrication techniques on 

chemical composition of YSZ thin films, XPS analysis was carried 

out. Deposition conditions and chemical compositions of YSZ films 

were summarized at table 2.1. 

 

Name 

(atom. %) 

Sputter 

YSZ 

Thermal ALD 

YSZ 

PEALD 

YSZ 

Deposition 

conditions 

RF 200 W 

Ar/ O2 (20%) 

25 ˚C 

O2 (10s) 

Zr: 50 ˚C, Y: 150 ˚C 

250 ˚C 

O2 plasma (50 W-3s) 

Zr: 50 ˚C, Y: 150 ˚C 

250 ˚C 

Zr 28.98 20.9 34.81 

Y 7.15 3.1 4.87 

O 63.29 62.2 58.8 

C 0.59 13.8 1.51 

Y2O3 mol. % 11.5 7 7.7 

Table 2.1. Deposition condition and chemical composition of YSZ 

thin films 

 

As seen in table 2.1., Y2O3 mol. % of sputter YSZ was higher 

value (~11.5 mol. %) than generally known value (~8 mol. %). It is 

because that high Y contents in Y/Zr alloy target (16 at. %). 

Chemical composition of thin films fabricated by sputtering methods 

is directly dependent on chemical composition of sputtering target. 

[121] Interestingly, in spite of long reactant step (10 s), thermal 
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ALD YSZ film presents very high concentration of carbon impurities 

(~14 at. %) compared with other YSZ films. In prior studies, there 

have been no reports about carbon impurities due to usage of 

deionized water. [21,28,32,38] It is widely known that oxygen gas 

used as oxidant in this study has poor reactivity as a reactant gas 

for ALD reactions. Oxygen gas can’t remove efficiently 

contaminations such as carbon or nitrogen of precursor molecules. 

[112] Therefore, it was speculated that carbon impurities within 

thermal ALD YSZ films was formed during deposition due to un-

sufficient reactivity of oxygen gas to remove contaminations. 

However, in spite of very short plasma duration (3 s), concentration 

of carbon contamination was very low (1.51 at. %) compared with 

ALD YSZ because of superior reactivity of plasma species. 

[108,110,112] 

 

 

Figure 2.1. Crystal structure of YSZ thin films on Si substrate 
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Figure 2.1. shows crystal structure of as-deposited YSZ films on 

Si substrate. Thermal ALD YSZ film presents almost amorphous or 

very weak crystallized structure. It indicates that thermal energy of 

deposition temperature was not enough to form polycrystalline 

structure. Sputter YSZ film also shows low and broad peak of 

crystal structures due to weak and partially crystallized 

polycrystalline structure. In contrast, PEALD YSZ showed clear and 

sharp peaks of YSZ crystal structure compared with other YSZ 

films. Considering the identical deposition temperature between 

ALD and PEALD, this XRD result of PEALD YSZ implies that 

additional energy to form polycrystalline structure was provided by 

plasma steps – bombardment of plasma species. [108,110,112] 

After film characterizations, YSZ films were applied as a thin film 

electrolyte of AAO-based TF-SOFCs. For thin film electrolyte, 

formation of pin-hole like defects and gas-tightness problems due 

to nanometer scale level electrolyte are very crucial issues to 

ensure high performance of fuel cells (OCVs and maximum power 

density). Therefore, in this study, OCVs of TF-SOFCs were 

measured as the thickness of YSZ thin film electrolytes was 

changed to confirm mechanical stability of YSZ thin film electrolytes. 

Figure 2.2. illustrates OCV results of TF-SOFCs based on YSZ thin 

film electrolyte prepared by sputter, thermal ALD, and PEALD. 
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Figure 2.2. OCVs of TF-SOFCs based on YSZ thin film electrolyte 

formed by PEALD, thermal ALD, and sputter at 500 ˚C 

 

YSZ thin film electrolytes showed noticeable OCV results depends 

on fabrication process. As seen in figure 2.2., TF-SOFC based on 

sputter YSZ electrolyte presented drastic OCV results compared 

with other cells, from 0 V (electrically short circuit) to above 1.0 V. 

180 nm thick sputtered YSZ thin film electrolyte was not enough to 

ensure gas-tightness and pin-hole (defects) free. It is generally 

known that thin films prepared by PVD methods such as sputter and 

PLD have a columnar structure. [11,19,113] Also, thin films 

deposited on rough surface usually have many defects deposited by 

PVD methods. [113] Therefore, in prior researches, thin film 

electrolytes prepared by PVD on rough substrates, fuel cells have 
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hundreds of nanometer scale (submicron scale) thick electrolyte to 

prevent formation of electrical short circuit. [11,15,113] In the 

same manner, sputter YSZ cell shows over 1.0 V of OCV at 500 nm 

thick sputter YSZ thin film electrolyte. Interestingly, thermal ALD 

YSZ cells shows almost identical OCVs regardless of thickness of 

thin film electrolyte. From 80 nm to 400 nm thick of ALD YSZ thin 

film electrolyte, OCVs of ALD YSZ cells were measured from 0.7 V 

to 0.78 V. We speculate that these similar OCV results were caused 

by formation of internal short circuit in YSZ films due to high 

concentration of carbon contaminations. Because of internal short 

circuit form by carbon contaminations, OCV of ALD YSZ cell didn’t 

increase above 1.0 V as the thickness of ALD YSZ cell was 

increased to 400 nm in spite of defect free thin film nature of ALD 

characteristics. In contrast, PEALD YSZ based fuel cells, which 

showed almost 0 carbon impurity concentration (< 2.0 at. %), 

presented superior OCVs compared with other YSZ thin film 

electrolyte even at very thin electrolyte (1.10 V at 35 nm YSZ thin 

film electrolyte). We think that this high OCVs of PEALD YSZ based 

TF-SOFCs caused by negligible impurities, pin-hole free and 

dense thin film nature of PEALD characteristics.  

In order to confirm dense and pin-hole free ~140 nm thick YSZ 

thin film electrolyte formed by ALD and PEALD, surface 

morphology of YSZ electrolyte was measured by using FESEM. 

Figure 2.3. presents surface morphology of YSZ electrolyte.  
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Figure 2.3. Surface morphology of ALD-YSZ and PEALD-YSZ thin 

film electrolyte. a) Surface morphology of ALD-YSZ thin film 

electrolyte. b) Surface morphology of PEALD-YSZ thin film 

electrolyte  

 

As seen in figure 2.3., YSZ electrolytes showed dense, pin-hole 

free surface morphology regardless of deposition process. 

Interestingly, in figure 2.3. b), PEALD YSZ looked rougher than 
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ALD YSZ thin film electrolyte in figure 2.3. a). We speculated that 

rougher surface of PEALD YSZ was occurred by growth of facets of 

films at PEALD process. [124,125] Therefore, low OCV ALD YSZ 

thin film electrolyte cell was caused by internal leakage current 

through carbon impurities.  

To clarify detailed investigation of YSZ electrolytes, TEM 

analysis was carried out. Figure 2.4., shows TFM images of YSZ 

electrolyte of TF-SOFCs.  
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Figure 2.4. TEM images of YSZ electrolyte of TF-SOFCs. a) TEM 

images of ALD YSZ thin film electrolyte of TF-SOFCs. b) HRTEM 

images of ALD YSZ thin film electrolyte. c) TEM images of PEALD 

YSZ thin film electrolyte of TF-SOFCs. d) HRTEM images of 

PEALD YSZ thin film electrolyte.  

 

As shown in figure 2.4., ALD YSZ and PEALD YSZ thin film 

electrolyte showed obvious difference. ALD YSZ, in figure 3.4. a), 

showed almost amorphous structure. There was no clear evidence 

of crystallization in whole measurement area. This TEM results was 

coincided with XRD results of ALD YSZ in figure 3.1. – amorphous 

or very weak polycrystalline structure. In contrast, in spite of low 

plasma power (50 W) and short duration (3 s), PEALD YSZ thin 

film electrolyte in figure 3.4. c) and d) showed clear polycrystalline 

structure. We think that this polycrystalline structure caused by 

superior reactivity and bombardment of plasma species. 

[108,110,112] 

After measurements of TF-SOFCs by TEM and FESEM, 

electrochemical characterization was carried out at 500 ˚C with 30 

sccm H2 at anode side. Figure 3.5. presents polarization curves of 

TF-SOFCs with ALD YSZ thin film electrolyte and TF-SOFCs with 

PEALD YSZ thin film electrolyte.  
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Figure 2.5. Polarization curves of TF-SOFCs 

 

As shown in figure 2.5., a fuel cell with ALD YSZ thin film 

electrolyte showed lower OCV result (0.81 V), i.e. Y axis intercept 

point, than OCV of PEALD YSZ cell (1.09 V). Therefore, a fuel cell 

with ALD YSZ electrolyte cell showed lower maximum power 

density (91.8 mW/cm2) than PEALD YSZ cell (168.2 mW/cm2). 

Interestingly, ALD YSZ cell showed almost zero activation loss 

which generally showed in low current density region compared 

with PEALD YSZ cell. Also, in spite of similar thickness of 

electrolyte, ohmic resistance of ALD YSZ (grade of polarization 

curve, voltage-current density) seemed larger than PEALD YSZ. 

We speculate that carbon impurities in ALD YSZ film have great 

influence on activation loss and on the oxygen ion conduction. 
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Detailed investigations have been conducted in our group.  

In order to find out detailed behavior of fuel cells, EIS 

measurements were carried out. Figure 3.6. illustrates EIS results 

of fuel cells.  

 

 

Figure 2.6. EIS results of fuel cells. a) EIS results of PEALD YSZ 

cell measured at 1.0 V, 0.75 V and 0.5 V. b) EIS results of ALD 

YSZ cell and PEALD YSZ cell at 0.5 V. 
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Figure 2.6. a) shows EIS results of PEALD YSZ cell measured at 

1.0 V, 0.75 V and 0.5 V. The in-set showed high frequency region 

of EIS results to confirm the ohmic resistance of a cell. As seen in 

figure 3.6. a) and inset of figure 3.6. a), X-axis intercept points 

were very similar (0.265 Ω·cm2 at 1.0 V, 0.262 Ω·cm2 at 0.75 V 

and 0.255 Ω·cm2 at 0.5 V) regardless of voltage conditions. It 

implies that X-axis intercept point was thought to be the ohmic 

resistance of a fuel cell. [1,2] Also, in PEALD YSZ cell, radius of 

low frequency arc was clearly decreased as the voltage was 

decreased. It is generally known that cathodic polarization 

resistance related with oxygen reduction reactions are highly 

affected by the cell voltage. [1,2,33,34,37,38,72,126] Therefore, 

cathodic polarization resistance was the main reason of decrease of 

fuel cell’s power density due to sluggish oxygen reduction reactions 

at low temperature. Figure 2.6. b) shows EIS results of ALD YSZ 

cell and PEALD YSZ cell which were measured at 0.5 V. 

Unfortunately, because of low OCV of ALD YSZ cell, there was only 

one EIS results measured at 0.5 V. Therefore, we can’t determine 

ohmic resistance of ALD YSZ cell. However, we can conclude that 

total resistance of ALD YSZ cell – total value of ALD YSZ cell was 

larger than PEALD YSZ cell. As mentioned above, we think that 

carbon contaminations in ALD YSZ films had adverse effects on 

electrode process and ion conduction process. More detailed 
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investigations have been carried out.  

Finally, in order to increase OCV of ALD YSZ cell, additional 

treatments were carried out. Figure 2.7. shows schematics of 

additional treated cell to improve OCV of ALD YSZ based cell.  

 

 

Figure 2.7. Schematics of additional treatment of TF-SOFCs with 

ALD YSZ thin film electrolyte. 

 

As mentioned above, we think that carbon contaminations within 

ALD YSZ thin film electrolyte cause leakage current by formation of 

electrical circuit. Therefore, in order to prevent leakage current 

through ALD YSZ electrolyte, 5 minutes and 50 W of oxygen 

plasma treatment (cell-2), addition of 30 nm of PEALD YSZ thin 

film (cell-3), and addition of 150 nm of sputter YSZ thin film (cell-

4) were carried out. OCV results of each cells measured at 500 ˚C 

were summarized at figure 3.8.  
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Figure 2.8. OCVs of additional treated ALD YSZ cell. 

 

As shown in figure 2.8., OCVs of all fuel cells were obviously 

increased (above 1.0 V) by additional treatment. Both removal of 

surface carbon impurities by oxygen plasma (cell-2) and insertion 

of carbon free YSZ thin films (cell-3 and cell-4) worked 

effectively to improve OCVs. These results – improved OCVs by 

additional treatment – support that low OCV of ALD YSZ cell was 

caused by carbon contaminations in YSZ thin film electrolyte. 
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2.4 Conclusions 

 

 

In this study, properties of YSZ thin films prepared by sputter, 

thermal ALD, and PEALD were characterized and compared. XPS 

results showed that ALD YSZ had high carbon contaminations 

compared with sputter or PEALD due to poor reactivity of oxygen 

gas. Also, ALD YSZ film showed almost amorphous or very weak 

polycrystalline structure. In contrast, PEALD YSZ and sputter YSZ 

films showed clear polycrystalline structure.  

After film characterization, application of YSZ film as a thin film 

electrolyte of TF-SOFCs. Due to columnar structure and inherent 

defects of sputter YSZ films on porous substrate, TF-SOFCs 

required more than 500 nm thick of sputter YSZ thin film 

electrolyte to secure reasonable OCVs – more than 1.0 V at 500˚C. 

However, PEALD YSZ and ALD YSZ thin film electrolyte fuel cells 

showed much higher OCVs at thinner electrolyte (< 150 nm). 

Especially, PEALD YSZ showed higher OCVs near the theoretical 

value due to defects free and negligible electronic conductivity. 

However, ALD YSZ fuel cell showed about ~0.8 V regardless of 

ALD YSZ thickness. This low OCV of ALD YSZ was caused by 

higher carbon impurity concentration which formed electrical circuit 

and occurred leakage current. Therefore, TF-SOFC with ALD YSZ 
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showed lower OCV and maximum power density than OCV and 

maximum power density of PEALD YSZ cell at 500 ˚C.  

Finally, additional treatment was carried out to improve OCVs of 

ALD YSZ cell. After oxygen plasma treatment on surface on ALD 

YSZ thin film electrolyte to remove surface carbons and insertion of 

carbon free YSZ films to prevent formation of electrical circuit and 

leakage current were conducted. All above after treatments 

effectively improved OCVs of ALD YSZ cells. 
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CHAPTER 3 Properties of PEALD YSZ thin films 

 

 

3.1 Introduction 

 

 

As mentioned in chapter 1, there have been no prior intensive 

researches about PEALD YSZ thin films and TF-SOFCs based on 

PEALD YSZ thin film electrolyte. However, considering unique 

characteristics of PEALD caused by superior reactivity (related 

with chemical composition of films) and bombardment of plasma 

species (related with crystallinity and surface roughness of films), 

it is very significant to investigate about properties of PEALD YSZ. 

As a result, in this chapter, chemical, physical, and electrochemical 

properties of PEALD YSZ thin films are systematically studied. 

After characterization, PEALD YSZ thin films are applied as a thin 

film electrolyte of AAO based TF-SOFCs (AAO template – Pt 

anode – PEALD YSZ – Pt cathode structure) to examine 

electrochemical characteristics of PEALD YSZ.  

In the first part of this chapter, preparation process of PEALD 

YSZ thin films is described. Especially, influence of plasma power 

and duration on properties of PEALD YSZ thin films is 

systematically studied. Chemical composition of YSZ films and 

physical properties (cross-sectional structure, degree of 

crystallinity, and in-plane oxygen ion conductivity) of PEALD YSZ 
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thin films prepared by different power and duration on single crystal 

MgO (100) are investigated.  

In the second part of this chapter, electrochemical properties of 

PEALD YSZ thin films are studied as a thin film electrolyte of AAO 

based TF-SOFCs. As aforementioned above, nano-porous AAO 

supporting structure – dense Pt anode – PEALD YSZ thin films 

electrolyte – porous Pt cathode structure is used to evaluate 

electrochemical properties of PEALD YSZ thin films in the 

temperature range from 450 ˚C to 550 ˚C. 
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3.2 Experimental 

 

 

A commercial showerhead type direct PEALD (Atomic premium, 

CN1, Republic of Korea) with capacitively coupled plasma power 

source was used to fabricate PEALD YSZ thin films. The 

commercial tetrakis (dimethylamino) zirconium precursor (TDMAZ, 

Sigma Aldrich, USA) and the tris (methylcyclopentadienyl) yttrium 

(Strem chemicals, USA) were used as a source of Zr and Y, 

respectively. High pure Ar gas (99.999%) and O2 gas (99.999%) 

were used as a carrier gas and a source of O2 plasma. The 

temperature of Zr and Y stainless steel canister were maintained at 

50 ˚C and 150 ˚C during deposition, respectively. Also, the 

temperature of stainless line was kept at 70 ˚C for Zr canister – 

reaction chamber and 165 ˚C for Y canister to reaction chamber to 

prevent condensation of precursors. Preparation of YSZ thin films 

were carried out at 250 ˚C which is well-known ALD window 

temperature for both precursors. [4–6, 9, 12, 17, 21, 28, 32, 36, 38, 

43, 116, 117] 

1 YSZ supercycle was composed of 7 ZrO2 cycles and 1 Y2O3 

cycle in order to contain proper Y2O3 concentration in YSZ films. 

The ZrO2 cycle was composed of followed several process steps: 1) 

Zr pulse (3 s) – 2) Ar purging (40 s) – 3) O2 pulse (1 s) – 4) O2 

pulse with plasma (controlled) – 5) Ar pulse (40 s). Similarly, the 

Y2O3 cycle was also composed of followed process steps: 1) Y 
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pulse (3 s) – 2) Ar purging (75 s) – 3) O2 pulse (1 s) – 4) O2 

pulse with plasma (controlled) – 4) Ar purging (75 s). In order to 

stabilize the oxygen partial pressure before plasma generation, 1 

second of O2 pulse step was inserted before O2 plasma step. Plasma 

duration (3 s, 8 s, and 16 s) and plasma power (50 W, and 200 W) 

were systematically changed to investigate influence of plasma 

power and duration on properties of YSZ films. 

Commercial 1 cm X 1 cm and 500 μm thick one side polished 

single crystal MgO (100) substrates (MTI Co., USA) were used to 

measure in-plane ionic conductivity of PEALD YSZ thin films. Also, 

commercial Si wafer (LG Siltron, Republic of Korea) pieces were 

used as substrates to investigate characteristics of PEALD YSZ thin 

films. All substrates were cleaned in ultrasonic bath with acetone, 

ethanol and deionized water sequentially before deposition to 

remove surface contaminations. Oxygen ion conductivity of PEALD 

YSZ thin films on single crystal MgO, electrical impedance 

spectroscopy (EIS) measurement was carried out by using a 

custom-made micro-probing test station sitting on a temperature-

controlled heating stage. [44,45] 100 nm thick of dense Pt 

electrodes with 300 μm gap of each other were prepared on the 

surface of PEALD YSZ films using a commercial sputter system 

(DAEKI HIGH Tech Co., Korea) with 100 W of direct current (DC) 

sputtering power at 1 Pa Ar pressure. Distance from a Pt target to 

the single crystal MgO was maintained 150 mm. The Gamry 

Potentiostats (Gamry Instruments Inc., FAS2) were employed to 

measure Nyquist’s plots of the ionic conductivity of PEALD YSZ 

films in the frequency range from 300 kHz to 1 Hz under 450 oC -
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550 oC temperature conditions. Measured EIS results were analyzed 

by using Z view software (Scribner Association Inc. USA) 

In order to evaluate electrochemical characteristics of YSZ thin 

films, commercial nano-porous anodic aluminum oxide (AAO, 

Synkera, USA) template based TF-SOFCs were fabricated and 

examined. A 330 nm thick dense Pt anode was fabricated on a bare 

AAO template by using a commercial sputtering system (A-tech, 

Korea). 200 W of DC power was applied at 0.67 Pa Ar working 

pressure to prepare dense and smooth Pt anode. After deposition of 

anode, a 140nm thick PEALD YSZ thin film electrolyte was 

deposited on Pt anode. Finally, a 150 nm thick porous Pt cathode 

was fabricated on PEALD YSZ thin film electrolyte with 100 W of 

DC power at 12 Pa of Ar pressure to maximize triple phase 

boundaries. Electrochemical characterization was conducted in the 

temperature range from 450 ˚C ~ 550 ˚C by using custom-made 

experimental set-up. [4,6,9–11,13–15,114] 30 sccm of pure H2 

was supplied to anode as a fuel and ambient air was used at cathode 

as an oxidant. Electrochemical characteristics of TF-SOFCs such 

as open circuit voltage (OCV), current density-voltage behavior 

and electrochemical impedance spectroscopy (EIS) were measured 

by using solartron 1287/1260 (Solartron, UK) electrochemical 

measurement system. EIS of TF-SOFCs were examined at various 

voltage conditions – 1.0 V, 0.75 V and 0.5 V to evaluate detailed 

analysis of electrochemical losses. 

Chemical composition of YSZ thin films were investigated by x-

ray photoelectron spectroscopy (XPS, Theta probe base system, 

spot diameter: 400μm, Al Kα (1486.6 eV), Thermo Fisher 
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Scientific, USA). 150 eV Ar ion etching was carried out for 15 s 

before measurement to remove surface contaminations. Thickness 

and crystal structure of PEALD YSZ films on MgO substrates were 

evaluated by high resolution transmission electron microscopy 

(HRTEM, JEM-2100F, JEOL, Japan) with 200 keV operation 

voltage. Cross-sectional structures of TF-SOFCs were measure 

by using focused ion beam-scanning electron microscopy (FIB-

SEM, Quanta 3D, operating voltage: 5 kV, FEI, USA).   
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3.3 Results and discussion 

 

 

Preparation conditions of PEALD YSZ thin films are summarized 

in table 3.1. As shown in table 3.1., plasma duration (3 s, 8 s, and 

16 s) and power (50 W and 200 W) were systematically changed to 

study effects of plasma conditions on properties of PEALD YSZ thin 

films. Plasma power and duration for the ZrO2 deposition and the 

Y2O3 deposition were maintained identical conditions to prepare 

PEALD YSZ films in the specific plasma condition. In order to 

minimize and avoid handling errors, PEALD YSZ films were 

deposited on the surface of Si (chemical composition) and MgO 

(100) (in-plane ionic conductivity, TEM analysis) substrates at the 

same time. 

 

Name 
Deposition 

Temperature 
ZrO2 : Y2O3 

Plasma 

Power 

Plasma 

Duration 

1 

250 ˚C 7 : 1 

50 W 

3 s 

2 8 s 

3 16 s 

4 

200 W 

3 s 

5 8 s 

6 16 s 

Table 3.1. Deposition conditions of PEALD YSZ thin films 
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XPS analysis results of PEALD YSZ thin films prepared with 

different plasma conditions are listed in table 3.2.  

 

Name 1 2 3 4 5 6 

Plasma 

power 
50 200 

Plasma  

duration 
3 s 8 s 16 s 3 s 8 s 16 s 

Zr 31.75 32.04 32.15 31.39 32.13 32.71 

Y 3.99 4.53 4.46 4.5 4.73 4.7 

O 62.62 61.62 61.51 62.58 62.18 61.55 

C 1.64 1.81 1.88 1.54 0.96 1.04 

Y2O3 

mol. % 
6.23 7.12 7.00 7.07 7.45 7.40 

Table 3.2 Chemical compositions of PEALD YSZ films prepared by 

different plasma conditions. 

 

As presented in table 3.2., all PEALD YSZ contained almost 

negligible (less than 2.0 atom. %) carbon impurity concentrations. 

These low concentrations of contaminations in YSZ film can be 

explained by superior reactivity of oxygen plasma species such as 

activated atoms, ions, and electrons. [108,110,112] Notably, 

PEALD YSZ thin films formed by 200 W plasma power showed 

relatively lower carbon contaminations (average carbon at. %: 1.18 

at. %) than PEALD YSZ by 50 W (average carbon at. %: 1.78 at. %). 

Impurities such as carbon in ligands of Zr or Y precursors were 
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more effectively removed by higher plasma power (200 W), and 

then, chemically high quality YSZ thin films were prepared. Also, all 

PEALD YSZ thin films contained very similar Y atomic concentration 

(3.99 at. % ~ 4.73 at. %, difference of Y at. % < 1 at. %). It means 

that all films have similar Y2O3 concentrations, i.e. Y2O3 mol. % 

(6.23 mol. % ~ 7.45 mol. %). 

Figure 3.1. shows in-plane oxygen ionic conductivity of 30 nm 

thick PEALD YSZ films on MgO (100) substrates prepared with 

different plasma conditions.  

Figure 3.1. a) presents representative EIS plots of PEALD YSZ 

films with 200 W of plasma power and 16 s of plasma duration at 

various temperature. The in-set shows equivalent circuit model of 

EIS results. Solid lines were fitting results by using equivalent 

circuit models. As seen in figure 2.1. a), total resistances of in-

plane conductivity were decreased as the measurement 

temperature was increased.  

Figure 3.1. b) shows comparison of in-plane conductivity of 

PEALD YSZ with earlier researches. Dotted lines are results of 

previous studies. [21,28,116] As seen in figure 2.1. b), all PEALD 

YSZ films in this study showed very similar ionic conductivities and 

activation energies – incline of Arrhenius plots – compared with 

prior researches. [21,28,116] 
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Figure 3.1. In-plane conductivity of PEALD YSZ films on MgO (100) 

substrates. a) representative EIS plots of PEALD YSZ with 200 W 

plasma power and 16 s plasma duration. b) Comparison of oxygen 

ionic conductivity of PEALD YSZ with prior studies. c) Arrhenius 

plots of PEALD YSZ films in the temperature range from 450 ˚C to 

550 ˚C 
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Figure 3.1. c) illustrates Arrhenius plots of PEALD YSZ films in 

the temperature range from 450 ˚C to 550 ˚C. Interestingly, 

between very similar in-plane conductivities (maximum difference 

between conductivities is ~0.5 order in the Arrhenius plot), oxygen 

ion conductivities of PEALD YSZ films on MgO (100) substrate are 

improved as the plasma power and duration are increased 

regardless of the measurement temperature. Therefore, PEALD 

YSZ thin film fabricated by 200 W of plasma power and 16 s of 

duration showed the highest in-plane ionic conductivity in all 

temperature range compared with other PEALD YSZ thin films. We 

speculate that this enhancement in ionic conductivity is related with 

degree of crystallinity and Y2O3 concentration of YSZ films.  

In addition, from the Arrhenius plot, activation energies for 

oxygen ion conduction were calculated by using followed equation. 

 

𝜎𝜎𝜎𝜎 = 𝐴𝐴 ∙ exp (
−𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
𝑘𝑘𝐵𝐵 ∙ 𝜎𝜎

) 

 

Where A is the pre-exponential coefficient, T is the temperature, 

kB is the Boltzmann constant, Eact is the activation energy for 

oxygen ion migration.  

Calculated activation energies are 0.85 eV (50 W-3 s), 0.88 eV 

(50 W-8 s) 0.91 eV (50 W-16 s), 0.83 eV (200 W-3 s), 0.92 eV 

(200 W-8 s), and 0.93 eV (200 W-16 s). In spite of slight 

difference in ionic conductivity of PEALD YSZ films, these 

activation energies for oxygen ion conduction were very similar and 

quite comparable with prior researches about YSZ thin films 
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fabricated by various thin film techniques or bulk YSZ. 

[21,28,103,105,115,116] 

In PEALD process, thin films are highly crystallized during 

deposition or after treatment by bombardment of plasma species 

compared with films fabricated by typical thermal ALD. [108,110] 

In particular, films prepared by direct PEALD show much higher 

degree of crystallization due to higher flux of ions and closer 

distance between plasma generator and substrate compared with 

remote PEALD. In prior study, An et al. reported that degree of 

crystallization of oxide thin films (BaTiO3, BTO) were improved by 

after remote plasma processing. [117] Crystal structure of almost 

amorphous BTO films deposited by thermal ALD was improved by 

after remote plasma processing. Longer plasma processing caused 

more crystallized films. Post plasma treatment is also improved film 

density and electrical characteristics. Therefore, exposure time of 

film surface to plasma and plasma density (i.e. plasma power) can 

greatly affect properties of YSZ films such as degree of crystallinity, 

surface roughness, and grain size.  

In addition, in the case of ion conductors, degree of crystallinity 

and crystal structure greatly affect on conductivity of films. 

[39,103,105,118–120] Kim et al. reported that influences of degree 

of crystallinity and crystal structure (amorphous structure versus 

polycrystalline structure and polycrystalline structure versus single 

crystal structure – epitaxial growth) on proton conductivity of BYZ 

films fabricated by PLD. [39] BYZ films with highly crystallized and 

single crystal structure showed higher conductivity compared with 

amorphous structure and polycrystalline structure, respectively. In 
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YSZ films, Heiroth et al. reported similar results. [118] 

Polycrystalline YSZ films prepared by PLD process showed higher 

conductivity than amorphous YSZ films deposited by PLD due to 

imperfect crystallization. Guo et al. also reported that the block 

effect of grain boundaries of YSZ films. [119] In spite of absence of 

impurities, grain boundaries showed two or three orders higher 

resistivity compared with bulk resistivity. In addition, the blocking 

effect was much severe at low temperature. Yeh et al. reported 

effects of annealing on conductivity of reactive sputtered YSZ films. 

[120] Annealing dramatically enhanced ionic conductivity of YSZ 

films due to improved crystallinity and removal of staining 

dislocation at interface. Therefore, considering results of prior 

researches, we speculate that slightly higher ionic conductivity of 

200 W-16 s PEALD YSZ films originated from enhanced degree of 

crystallization and improved degree of epitaxial growth caused by 

more additional energies from higher plasma power and long 

duration. Furthermore, earlier studies about relation between Y2O3 

concentration and ionic conductivity of YSZ films reported that Y2O3 

concentration greatly affected in-plane ionic conductivity of YSZ 

films. [115,121] Son et al. reported that higher Y2O3 concentration 

YSZ films (10.9 mol. % Y2O3) prepared by thermal ALD presented 

the highest in-plane oxygen ion conductivity compared with various 

Y2O3 concentration YSZ films from 4.3 mol. % to 28.8 mol. % of 

Y2O3. [115] Also, Jung et al. reported that 6.5 mol. % Y2O3 doped 

YSZ films prepared by reactive magnetron sputtering (slightly 

lower Y2O3 concentration) showed the highest conductivity over 

400 ˚C due to extended meta-stability of cubic structure at 
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nanometric grains. [121] Therefore, considering earlier study about 

Y2O3 concentration of ALD YSZ films, we think that low ionic 

conductivity of 50 W-3 s PEALD YSZ film was partially caused by 

relatively slight lower Y2O3 concentration compared with other 

PEALD YSZ films. 

In order to examine detailed microstructure of PEALD YSZ films 

on MgO (100) substrate and to confirm above speculations, TEM 

analysis was carried out. Figure 3.2. presents TEM images of cross 

sectional structure of PEALD YSZ films (50 W-3s and 200 W-16 s) 

on MgO (100) structure.  

 

 

Figure 3.2. Representative TEM images of PEALD YSZ films on 

MgO (100) substrate. a) Cross sectional TEM image of 50 W-3 s 

PEALD YSZ film on MgO. b) HRTEM image of 50 W-3 s PEALD 

YSZ film. c) FFT of HRTEM image of 50 W-3 s PEALD YSZ film. d) 
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Cross sectional TEM image of 200 W-16 s PEALD YSZ film on 

MgO. e) HRTEM image of 200 W-16 s PEALD YSZ film. f) FFT of 

HRTEM image of 200 W-16 s PEALD YSZ film 

 

As shown in figure 3.2., PEALD YSZ films showed clearly 

different microstructure. Cross sectional TEM images of 50 W-3 s 

PEALD YSZ films showed clear polycrystalline structure and FFT 

results also clarified well established polycrystalline structure. 

(figure 2.2. a), b), and c)) In contrast, TEM images of 200 W-16 s 

PEALD YSZ films presented slightly different microstructure. 

Figure 3.2. a) illustrated that well developed and nearly epitaxial 

microstructure guided from MgO (100) substrate. HRTEM image 

(figure 3.2. d)) of 200 W-16 s PEALD YSZ showed epitaxial 

microstructure compared with 50 W-3 s PEALD YSZ films in figure 

3.2. b). FFT results also proved single crystal microstructure of 

200 W-16 s of PEALD YSZ films. In summary, 50 W-3 s PEALD 

YSZ film had polycrystalline structure and 200 W-16 s PEALD YSZ 

film had nearly single crystal structure (epitaxial growth). It 

indicates that 50 W-3 s PEALD YSZ film had higher grain boundary 

densities which show severe resistivity compared with bulk density. 

[119] Therefore, slightly lower in-plane ionic conductivity of 50 

W-3 s PEALD YSZ film caused by higher grain boundary density 

compared with 200 W-16 s PEALD YSZ film.  

After characterization of PEALD YSZ films, an AAO based TF-
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SOFC was prepared by using 200 W-16 s plasma condition due to 

its highest in-plane ionic conductivity. Figure 3.3. presents surface 

morphology and cross sectional structure of the cell.  

 

 

Figure 3.3. Surface morphology and cross sectional structure of an 

AAO based TF-SOFC based on 200 W-16s PEALD YSZ. a) 

Surface morphology of 200 W-16 s PEALD YSZ thin film 

electrolyte. b) Cross sectional structure of a TF-SOFC based on 

200 W-16s PEALD YSZ. c) TEM cross sectional images of a TF-

SOFC. d) TEM images of a 200 W-16 s PEALD YZS thin film 

electrolyte e) HRTEM images of a 200 W-16 s PEALD YZS thin 

film electrolyte 
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Figure 3.3. a) shows cathode side surface morphology of PEALD 

YSZ thin films electrolyte. PEALD YSZ thin film electrolyte 

presents pin-hole free and dense electrolyte surface. Figure 3.3. b) 

shows cross sectional structure of an AAO based TF-SOFC 

measured by FIB-SEM. As shown in figure 3.3. b), PEALD YSZ 

electrolyte showed fully dense and pin-hole free structure which 

are critical issue of thin film electrolyte. Figure 3.3. c), d), and e) 

presents results of TEM analysis of the cell. In spite of rough 

surface of Pt anode and low deposition temperature (250 ˚C), 

PEALD YSZ thin film electrolyte shows obvious polycrystalline 

structure. We speculate that additional energy was provided by 

severe bombardment during plasma steps in YSZ supercyle – high 

plasma power (200 W) and long duration (16 s) by plasma species. 

[108,110,112,117] Bombardment of plasma species provides 

additional energy to grains of the film, and therefore grains become 

crystallize to larger grains and form polycrystal structure.  

Figure 3.4. presents results of electrochemical characterization of 

a TF-SOFC based on 200 W-16 s PEALD YSZ thin film electrolyte. 

As seen in figure 3.4. a), performances of a TF-SOFC were 

improved as the temperature was increased from 450 ˚C to 550 ˚

C. The maximum power density of a TF-SOFC was measured at 

95.4 mW/cm2 and 217.5 mW/cm2 at 450 ˚C and 550 ˚C, 

respectively. 
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Figure 3.4. Results of electrochemical characteristics of a TF-

SOFC based on 200 W- 16 s PEALD YSZ. a) Current density vs. 

voltage behavior of a fuel cell. b) EIS results of a TF-SOFCs under 

different voltage conditions at 450 ˚C. c) Comparison of EIS 

results under 0.75 V and 0.5 V measured at 450 ˚C and 550 ˚C.  
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As the temperature was increased, both activation loss which was 

the voltage drop in low current density area and ohmic loss which 

was the inclination of a current density – voltage curve at medium 

current density area were clearly improved. [1,2] These reduction 

of polarization and ohmic resistance were clearly showed in EIS 

results. Figure 3.4. b) presents representative EIS results of a TF-

SOFC under different voltage conditions at 450 ˚C. The in-set 

shows high frequency area of EIS results. As shown in figure 2.4. 

b), radius of semicircles are clearly reduced under DC biased 

conditions. It means that radius of semicircle indicates polarization 

resistance of a TF-SOFC. Interestingly, the X-axis intercept 

points of EIS results showed almost identical values regardless of 

voltage conditions, This implies that the x-axis intercept point is 

the total ohmic resistance of a TF-SOFC. [1,2] Figure 2. 4. c), 

shows EIS results at 0.75 V and 0.5 V under different temperature 

conditions. The in-set presents high frequency are of EIS results. 

As mentioned above, polarization resistances (i.e. radius of 

semicircle) and ohmic resistance (i.e. X-axis intercept point at high 

frequency) were clearly decreased as the temperature was 

increased.  
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3.4 Conclusions 

 

 

In this study, preparation and characterization of PEALD YSZ thin 

films are carried out for the first time. Influences of plasma power 

(50 W and 200 W) and plasma duration (3 s, 8 s, and 16 s) on 

properties of PEALD YSZ are systematically evaluated. Chemical 

composition is clearly independent with plasma conditions. However, 

in-plane conductivities of PEALD YSZ films on MgO (100) 

substrate are obviously related with plasma power and duration. As 

the plasma power and duration are increased, in-plane 

conductivities of YSZ films are improved. This may be caused by 

differences of degree of crystallinity and microstructure of PEALD 

YSZ films due to different plasma power and duration for 

bombardment of plasma species. Higher plasma power and long 

duration causes stronger and longer bombardment by plasma 

species, and then, degree of crystallinity is improved and almost 

epitaxial growth.  

After film characterization, electrochemical properties of PEALD 

YSZ were evaluated as a thin film electrolyte of a TF-SOFC. An 

AAO based TF-SOFC with the AAO supporting substrate – dense 

Pt anode – PEALD YSZ thin film electrolyte – porous Pt cathode 
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structure was examined in the temperature range from 450 ˚C to 

550 ˚C. The maximum power densities of a TF-SOFC were 

measured at 95.4 mW/cm2 and 217.5 mW/cm2 at 450 ˚C and 550 

˚C, respectively. The detailed analysis of EIS results indicate that 

the activation resistance and ohmic resistance were decreased as 

the measurement temperature was increased. Results of this study 

may provide significant insights about design of high performance 

TF-SOFCs.  
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CHAPTER 4 OPTIMIZATION OF Y2O3 DOPANT 

CONCENTRATION OF PEALD YSZ FOR TF-SOFCS 

 

 

4.1 Introduction 

 

 

For thin film electrolyte of TF-SOFCs, 8 mol. % yttria stabilized 

zirconia (YSZ) is widely adopted. [4–84] As mentioned in chapter 

1, the YSZ is a typical electrolyte material for SOFCs due to 

mechanical strength, comparable ionic conductivity and superior 

chemical stability in both oxidized and reduced atmosphere. 

[1,2,5,105] However, because of poor oxygen ionic conductivity of 

YSZ at low temperature, from tens to hundreds nanometer thick of 

YSZ thin films are used as a thin film electrolyte for TF-SOFCS to 

minimize ohmic resistance. [4–84]  

However, in TF-SOFCs, polarization loss, particularly related 

with oxygen reduction reactions (ORRs) is most crucial problems 

due to sluggish ORRs at low temperature compared with negligible 

ohmic resistance due to nanometer scale thick electrodes and 

electrolyte. [4–84,126] Therefore, many investigations have been 

conducted to improve ORRs of TF-SOFCs at low temperature such 

as insertion of cathode functional layer or improvement of cathode 

electrode. [24,33,37,38,41,126] In prior researches, doped ceria 

(i.e. gadolinia-doped ceria (GDC), yttria-doped ceria (YDC)) 
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cathode functional layers which have lower activation energy to 

oxygen incorporation reactions than YSZ improved performance of 

fuel cells by reduction of cathodic polarization resistance.     

Interestingly, enhancements of ORRs caused by YSZ thin film 

cathode functional layer by controlling Y2O3 contents and its grain 

size are reported in prior studies. [24,41,43] Notably, most helpful 

YSZ cathode functional layer is not 8 mol. % Y2O3 stabilized ZrO2 

which is well known best ion conductivity Y2O3 concentration but 

14-19 mol. % Y2O3 stabilized ZrO2 thin films. [1,2,41,43,116] This 

highly concentrated YSZ cathode functional layer induced increased 

oxygen vacancies at interface between Pt cathode – YSZ cathode 

functional layer interface and then, enhanced ORRs (decreased of 

cathodic polarization loss). [41,43] Moreover, considering ion 

conductivity, there are various studies related with Y2O3 

concentration. Jung et al. reported that among various Y2O3 

concentrated YSZ thin films prepared by reactive sputtering method 

on single crystal MgO, 6.5 mol % Y2O3 stabilized ZrO2 films showed 

best ion conductivity due to meta-stable phase of ZrO2. [121] 

However, in ALD YSZ thin films, Son et al. reported that high Y2O3 

concentrated YSZ films (100 / 200 / 300 cycle of ALD YSZ, ALD 

Al2O3 deposited quartz) 10.9 mol. % Y2O3 showed best ion 

conductivity than other Y2O3 concentrated YSZ films because of 

larger parallel ion conduction pass. [115] 

However, there have been no researches about optimization of 

Y2O3 concentration of YSZ thin film electrolyte at full TF-SOFCs. In 

this study, therefore, we synthesized YSZ thin film by means of 

PEALD which has various Y2O3 contents and applied to TF-SOFCs 
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in order to clarify optimized YSZ thin film electrolyte for TF-

SOFCs. Chemical and physical characteristics of YSZ thin films 

were studied before applied to TF-SOFCs as an electrolyte. 

Electrochemical characteristics of YSZ thin films with various Y2O3 

contents were also evaluated as a thin film electrolyte of TF-

SOFCs. 
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4.2 Experimental 

 

 

A commercial showerhead type direct PEALD with capacitively 

coupled plasma generator (Atomic premium, CN1, Korea) was used 

to prepare YSZ thin films with different Y2O3 doping rates. A 

commercial tetrakis(dimethylamino)zirconium (Sigma Aldrich, USA) 

and tris(methylcyclopentadienyl)yttrium (Sigma Aldrich, USA) 

were used. 300 sccm of high purity O2 gas (99.999%, Shinjin, Korea) 

and Ar gas (99.999%, Shinjin, Korea) were used for O2 plasma and 

carrier gas, respectively. Stainless steel canisters for Zr and Y 

were kept at 50 ˚C and 150 ˚C during preparation. Also, stainless 

steel lines between canisters and reaction chambers were 

maintained 70 ˚C and 165 ˚C to prevent condensation of 

precursors, respectively. Deposition of YSZ thin films were 

conducted at 250 ˚C which was generally known YSZ deposition 

temperature. [4–6,12,17,19,21,28,32,36,38,41,114] Fabrication 

process of ZrO2 thin film was as follows: Zr pules (3 s) – Ar 

purging (40 s) – O2 pulse (1 s) – O2 pulse with plasma (2 s) – Ar 

purging (40 s). Deposition process of Y2O3 was composed similar 

steps: Y pulse (3 s) – Ar purging (75 s) – O2 pulse (1 s) – O2 

pulse with plasma (2 s) – Ar purging (75 s). The 1 s of O2 pulse 

was inserted to stabilized O2 partial pressure before plasma 

generation. Ratios between ZrO2 process and Y2O3 process in the 

YSZ supercycle was changed from 7:1 to 1:1 to control Y2O3 dopant 
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concentration. Detailed deposition conditions were summarized in 

table 4.1.  

 

Name Plasma condition YSZ cycle Experiments 

YSZ-1 

ZrO2 50 W 2s 

& 

Y2O3 50 W 2s 

ZrO2 1 
Very high Y2O3 

Y2O3 1 

YSZ-4 
ZrO2 4 

High Y2O3 
Y2O3 1 

YSZ-7 
ZrO2 7 

Normal Y2O3 
Y2O3 1 

YSZ-10 
ZrO2 10 

Low Y2O3 
Y2O3 1 

Table 4.1. Deposition conditions of PEALD YSZ thin films 

 

In order to study influence of Y2O3 doping rates on 

electrochemical characteristics of YSZ films, commercial 

nanoporous anodic aluminum oxide (AAO, Synkera Co., USA) 

template based TF-SOFCs were fabricated and examined at 450˚

C. 100 μm thick AAO templates with 80 nm diameter pores were 

used as substrates of TF-SOFCs. 330nm dense Pt anode was 

prepared on bare AAO templates by using a commercial sputtering 

system (A-tech Co., Korea) to remove possibility for growth of 

pinholes during deposition of electrolyte. 200 W of direct current 

(DC) power was applied to Pt target at 0.67 Pa of Ar working 

pressure. After preparation of anode, YSZ thin film electrolytes 

were prepared by using PEALD. Finally, 150 nm porous Pt cathode 

was fabricated with 100 W of DC power at 12 Pa to maximize triple 

phase boundaries (TPBs) at electrolyte-cathode interface. 

Electrochemical characterizations of TF-SOFCs were carried out 
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at 450 ˚C by using a custom-made characterization set-up. 30 

sccm of pure H2 was supplied as a fuel to anode side and ambient 

air was used as an oxidant. A Solartron 1287/1260 potentiostat / 

galvanostat and frequency response analyzer system (Solartron Co., 

UK) were used to examine electrochemical characteristics of TF-

SOFCs such as open circuit voltage (OCV), current density – 

voltage behavior, and electrochemical impedance spectroscopy 

(EIS). EIS of TF-SOFCs were measured under OCV and 0.5 V DC 

bias conditions with 30 mV of amplitude voltage over the frequency 

range from 2 MHz to 2 Hz. Zplot software (Scribner Co., USA) was 

used to analyze EIS results. 

Chemical composition of YSZ films were studied by using an x-

ray photoelectron spectroscopy (XPS, Theta Probe base system, 

1486.6 eV Al Kα source, Thermo Fisher Scientific, USA). Field 

emission scanning electron microscopy (FESEM, SUPRA55VP, 

operating voltage: 2 kV, Carl-Zeiss, Germany) was used to 

evaluate surface morphology of TF-SOFCs. Focused ion beam-

scanning electron spectroscopy (FIB-SEM, Quanta 3D, operating 

voltage: 5 kV, FEI, USA) was also used to examine cross-sectional 

structure of TF-SOFCs. More detailed cross-sectional 

microstructures of TF-SOFCs were measured by high resolution 

transmission electron microscopy (HRTEM, JEM-2100F, JEOL, 

Japan) with 200 keV operation voltage. 
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4.3 Results and Discussion 

 

 

It is generally known that Y2O3 concentration of YSZ thin films 

has crucial effects on characteristics of YSZ thin film electrolyte 

such as oxygen ion conductivity or oxygen vacancies. 

[41,43,115,121] According to chapter 3, carbon contamination in 

YSZ films prepared by ALD also have critical influence on 

performance of TF-SOFCs due to low OCV caused by formation of 

electrical leakage current. 

Chemical composition including Y2O3 and carbon impurity 

concentration in YSZ thin films were measured by XPS as a function 

of the ZrO2/Y2O3 process ratio. In order to evaluate chemical 

composition of films, multi-point XPS analysis (3 points for each 

YSZ thin film, distance between evaluated points was more than 2 

mm) was conducted. Results of multi-point XPS (calculated 

average values) were summarized in table 4.2 and figure 4.1. 

Figure 4.1. and table 4.2. show average value of chemical 

composition all YSZ thin films. As seen in figure 4.1., Y2O3 

concentrations are increased as the ZrO2/Y2O3 process ratio in the 

YSZ supercycle is decreased. Interestingly, sudden increase in Y2O3 

concentration in the YSZ films prepared by 1:1 YSZ supercycle 

(ZrO2/Y2O3 = 1, 32.1 mol. %, YSZ-1) was observed. This sudden 

increase which was also observed in previous studies was caused 

by different nucleation speed of materials on different substrates. 
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[21,94,115] Carbon contaminations were also negligible (less than 

1.0 at. %) for all YSZ films due to superior reactivity of oxygen 

plasma species. [108,110,112]  

 

Name YSZ-1 YSZ-4 YSZ-7 YSZ-10 

Y at. % 17.63 6.68 4.60 3.2 

Zr at. % 20.85 30.18 32.02 33.3 

C at. % 0.26 0.95 0.71 0.99 

Y2O3 mol. % 32.1 10.73 7.24 4.96 

Table 4.2. Chemical composition of PEALD YSZ films.  

 

 

Figure 4.1. Chemical composition of PEALD YSZ 

 

As mentioned above, we want to optimize Y2O3 concentration of 

PEALD YSZ films of TF-SOFCs. Therefore, we examined other 

factors which had critical influence on characteristics of TF-SOFCs, 

except Y2O3 doping concentration. 
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Figure 4.2. Surface morphology of PEALD YSZ thin film electrolyte 

of TF-SOFCs 

 

 

Figure 4.3. Cross sectional structure of TF-SOFCs 
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Surface morphologies of as-deposited YSZ thin film electrolytes 

on Pt anode (i.e. cathode side of YSZ electrolyte) and cross 

sectional structures of TF-SOFCs are presented in figure 4.2. and 

4.3. According to prior studies, cathode-electrolyte interface such 

as average surface grain size (surface grain boundary density) or 

chemical composition has critical influence on performance of TF-

SOFCs. [17,24,33,34,41,43,44,117] Interestingly, as seen in figure 

4.2., surface of all YSZ thin film electrolytes of TF-SOFCs 

prepared on the top of dense Pt anode show very similar grain size 

and dense surface morphology regardless of Y2O3 concentration. It 

means that YSZ thin film electrolytes are well fabricated by using 

PEALD without defects or pinholes. In addition, Ji. et al. reported 

that surface grain size of PEALD YSZ thin film electrolyte was 

proportional to thickness of YSZ thin film electrolyte. [17] 

Therefore, according to figure 4.2., and results of prior study, we 

speculate that all TF-SOFCs in this study had very similar 

electrolyte thickness. 

Moreover, as shown in figure 4.3., similar cross sectional 

structure and thickness of components (dense anode, porous 

cathode, and dense, pin-hole free electrolyte) of cells which also 

have significant impact on electrochemical behavior of TF-SOFCs 

are also confirmed by FIB results. All cells showed very similar 

microstructure and thickness. Therefore, we think that influence of 

interface between porous Pt cathode and YSZ electrolyte related 

with grains (average grain size, i.e. grain boundary density) and 

effects of microstructure of all TF-SOFCs are almost identical, 
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except Y2O3 concentration of PEALD YSZ thin film electrolyte.  

As mentioned above, higher Y2O3 concentrated YSZ thin films 

show reduced cathodic polarization loss and better ionic 

conductivity. [41,43,115] Chao et al. showed that 1 nm surface 

modification layer (SML) of YSZ films prepared by thermal ALD 

process improved performance of fuel cells. [41,43] Increments of 

maximum power density of fuel cells were related with Y2O3 

concentration of YSZ SMLs. Fuel cell with 14 – 19 mol. % Y2O3 

concentrated YSZ SML showed the best performance in the 

temperature range from 350 ˚C to 450 ˚C. Moreover, Son et al. 

reported Y2O3 concentration dependent in-plane conductivity of 

YSZ films prepared by thermal ALD. [115] YSZ films with 10.9 

mol. % Y2O3 showed the highest in-plane conductivity in the 

temperature range from 333 ˚C to 559 ˚C. Interestingly, in all 

prior studies, excessive Y2O3 concentration within YSZ films 

showed bad influence on performance or conductivity.  

Therefore, we examined detailed microstructure of TF-SOFCs 

with YSZ-1 (32.1 mol. % Y2O3, excessive Y2O3), YSZ-4 (10.73 

mol. % Y2O3, higher Y2O3) and YSZ-7 (7.24 mol. % Y2O3, norminal 

Y2O3) by using TEM. Figure 4.4. presents TEM images of TF-

SOFCs based on YSZ-1, YSZ-4, and YSZ-7 thin film electrolyte, 

respectively. In order to prevent thermal annealing influences on 

microstructure of PEALD YSZ, TEM measurement were carried out 

with as-deposited samples. As seen in figure 4.4. a), b) and c), 

similar to FIB results (figure 4.3), all TF-SOFCs showed very 

similar cross sectional microstructure (AAO - dense Pt anode – 

PEALD YSZ thin film electrolyte – porous Pt cathode). More 
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detailed microstructure of PEALD YSZ thin film electrolytes are 

shown in figure 4.4. d), e), and f). As seen in figure 4.4. d), e), and 

f), all PEALD YSZ thin film electrolytes presents similar thickness 

and degree of crystallization. Figure 4.4. g), h), and i) illustrate 

HRTEM images of PEALD YSZ thin film electrolytes of cells. As 

shown in figure 4.4. g), h), and i), all YSZ films show almost 

identical degree of crystallization because of same plasma 

conditions (power and duration) and deposition temperature. 
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Figure 4.4. TEM images of cross-sectional structure of TF-SOFCs. 

a) TEM image of microstructure of TF-SOFC with YSZ-1 thin film 

electrolyte. b) TEM image of microstructure of TF-SOFC with 

YSZ-4 thin film electrolyte. c) TEM image of microstructure of 

TF-SOFC with YSZ-7 thin film electrolyte. d) TEM image of YSZ-

1 thin film electrolyte. e) TEM image of YSZ-4 thin film electrolyte. 

f) TEM image of YSZ-7 thin film electrolyte. g) HRTEM image of 

YSZ-1 thin film electrolyte. h) HRTEM image of YSZ-4 thin film 

electrolyte. i) HRTEM image of YSZ-7 thin film electrolyte 

 

 

Figure 4.5. Polarization curves of TF-SOFCs 

 

Figure 4.5 shows polarization curves of TF-SOFCs measured at 

450 ˚C. Interestingly, maximum power density of TF-SOFC is 

strongly related with Y2O3 concentration within YSZ thin film 
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electrolyte. As seen in figure 4.5, TF-SOFC with 10.73 mol % YSZ 

(YSZ-4, higher Y2O3) showed the best performance 180 mW/cm2 at 

450 ˚C. However, TF-SOFC with the highest Y2O3 concentration 

(YSZ-1, 32.1 mol %, excessive Y2O3) showed only 27 mW/cm2 at 

450 ˚C. YSZ-7 and YSZ-10 cells (YSZ-7: 7.24 mol. %, norminal 

Y2O3 and YSZ-10: 4.95 mol. %, low Y2O3) measured to 143 

mW/cm2 and 83 mW/cm2, respectively. This tendency of Y2O3 

concentration dependent performance was in good accordance with 

prior researches. [41,43,115] In spite of similar thickness and 

structure of components – anode, cathode and electrolyte, activation 

loss which is generally shown at low current density region and 

ohmic loss which is the inclination of current voltage curve at 

middle current density region of TF-SOFCs showed obvious 

differences. It means that electrochemical properties such as 

oxygen ionic conductivity and activation energy of oxygen 

incorporation reaction of YSZ thin films are greatly affected by Y2O3 

concentration in YSZ films.  

In order to clarify detailed electrochemical losses of fuel cells, 

EIS measurements were carried out under various voltage 

conditions (OCV and 0.5 V condition) in the frequency range from 2 

MHz to 2 HZ. First, in order to clarify the total ohmic resistance of 

fuel cells including electrolyte resistance and contact resistance, 

EIS Nyquist plots measured under different voltage conditions were 

compared. It is generally known that electrode polarization 

resistances of fuel cells are greatly affected by the applied voltage 

conditions while ohmic resistance of fuel cells are almost 

independent of the applied voltage. [24,28,33,34,38,44,126] 
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Figure 4.6. shows representative Nyquist plots of YSZ-10 

measured under OCV and 0.5 V conditions at 450 ˚C. High 

frequency region of Nyquist plots are illustrated at inset. 

 

 

Figure 4.6. Nyquist plots of YSZ-10 under OCV and 0.5 V. 

 

As seen in figure 4.6., semicircle of Nyquist plots are clearly 

affected by applied voltage conditions, while X-axis intercept 

points were almost identical regardless of different applied voltage 

conditions (showed in the in-set of figure 4.6.). It implies that X-

axis intercept points represent the ohmic resistance of fuel cells 

including electrolyte resistance and contact resistance. 

[1,4,17,24,28,33,34,38,44,126] In addition, ohmic resistances of 

fuel cell in this study are very similar to previous studies about 

TF-SOFCs. [4,17] 

Therefore, according to previous studies, semicircles of EIS plots 
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under OCV and 0.5 V conditions represent electrode polarization 

resistances of cells. [1,4,17,24,28,33,34,38,44,126] Nyquist plot 

measured under 0.5 V condition showed clear two semicircles – at 

middle frequency region and at low frequency region. However, 

Nyquist plots measured under OCV condition showed significantly 

depressed semicircle. It is widely known that EIS results (Nyquist 

plot) of fuel cells are composed of two electrode polarization 

components – anode polarization resistance related with hydrogen 

oxidation reactions (HORs) and cathode polarization resistance 

related with oxygen reduction reactions (ORRs). [1] Therefore, we 

think that significantly depressed semicircle in EIS plots measured 

at OCV is composed of two semicircles – anode polarization 

resistance and cathode polarization resistance. As mentioned above, 

these two semicircles – anode and cathode polarizations are greatly 

affected by the applied voltage, and then, are clearly divided two 

semicircles at 0.5 V condition.  

Interestingly, semicircle at middle frequency region is much 

larger than semicircle at low frequency region in figure 4.6. It is 

generally known that anode polarization related with HORs is 

showed small semicircle at middle frequency and cathode 

polarization related with ORRs is presented large semicircle at low 

frequency in Nyquist plot of fuel cells due to differences in reaction 

kinetics. [1,2] However, in figure 4.6., semicircle of anode 

polarization (shown at middle frequency region) is much larger than 

semicircle of cathode polarization (shown at low frequency region). 

We speculate that this large anode polarization loss is related with 

microstructure of anode – 330 nm thick and dense Pt anode. In 
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earlier study using almost identical structured TF-SOFCs (AAO-

dense Pt / PEALD YSZ (~8 mol. %) / porous Pt cathode) also 

showed large middle frequency semicircle and small low frequency 

semicircle in EIS results. [17] In addition, Park et al., reported that 

microstructure of anodes had great influence on performance of 

AAO based TF-SOFCs. [15] Porous structure of anodes improved 

performance of fuel cells by increasing triple phase boundaries 

(TPBs). Therefore, in current density versus voltage results, fuel 

cells with porous anode showed smaller activation loss in low 

current density region than TF-SOFCs with dense anode. [15] 

These results indicate that anode polarization related with HORs of 

TF-SOFCs on nanoporous AAO templates have great influence on 

performance.  

Therefore, in order to clarify our speculation – relation between 

large middle frequency semicircle with HORs in anode, we 

examined two cells. AAO based TF-SOFCs with different anode 

microstructure – porous anode and dense anode were examined. All 

measurements were carried out at 450 ˚C. In order to fabricate 

porous Pt anode, 300 nm thick porous anode was fabricated at 12 

Pa of Ar with 100 W of DC power on the top of bare AAO template 

like prior research. [15] PEALD YSZ electrolyte was prepared with 

norminal Y2O3 doping concentration condition (1 YSZ supercycle = 

ZrO2 7 : Y2O3 1, YSZ-7). 

Figure 4.7. illustrates comparisons of current density versus 

voltage behavior and EIS Nyquist plots of fuel cells with different 

anode microstructure. 
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Figure 4.7. Electrochemical characteristics of fuel cells with 

different anode microstructure. a) Polarization curves of AAO based 

TF-SOFCs. b) Nyquist plots of fuel cells 
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As shown in figure 4.7., performance and EIS plots are obviously 

affected by anode microstructure. For AAO based TF-SOFCs with 

porous anode and dense anode, polarization curves of fuel cells 

present clear differences. (figure 4.7. a)) Like prior studies about 

anode structure of AAO based fuel cells, maximum power density of 

fuel cell was increased with porous anode structure due to 

improved fuel supplement and increment of TPBs. [15] Notably, 

activation loss of porous anode cell which was usually shown at low 

current density region was much smaller than dense anode cell. 

In addition, in EIS results of fuel cells (figure 4.7. b)), radiuses of 

semicircles showed at the middle frequency region were decreased 

with porous anode microstructure – i.e. reduced anode polarization 

resistance by increasing anode porosity – at 0.5 V conditions while 

cathode polarization resistance (radius of low frequency semicircle) 

was almost similar. Therefore, large semicircle at middle frequency 

area showed in figure 4.6. was identified as the anode polarization 

resistance.  Interestingly, in Nyquist plots, ohmic resistance – X-

axis intercept point – of dense anode cell was smaller than porous 

anode cell due to higher in-plane electrical conductivity of dense 

microstructure. 

Figure 4.8. illustrates Nyquist plots of AAO based TF-SOFCs 

under 0.5 V at 450 ˚C. High frequency area is showed at in-set. 
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Figure 4.8. Nyquist plots of TF-SOFCs under 0.5 V at 450 ˚C 

 

As shown in figure 4.8., polarization resistances including both 

anode polarization and cathode polarization of fuel cells are 

obviously related with Y2O3 doping concentration of PEALD YSZ 

thin film electrolyte, while ohmic resistances of cells are almost 

identical. As mentioned above, heavily doped YSZ thin films are 

much helpful as a cathodic functional layer to reduce cathodic 

polarization resistance (14 ~ 19 mol. %) and showed much higher 

in-plane conductivity (10.9 mol. %) due to higher density oxygen 

vacancies at the cathode-electrolyte interface. [41,43,115] 

Therefore, differences in performance and polarization resistance 

from YSZ-10 to YSZ-4 (i.e. from 4.95 mol. % to 10.73 mol. %) 

cells are explained similar ways. For YSZ-4, higher Y2O3 doping 

concentration formed higher density of oxygen vacancies at the 

cathode-electrolyte interface which helped oxygen incorporation 



 

 

85 

 

reactions, and then, YSZ-4 showed the best performance and 

smallest polarization resistance in EIS. For YSZ-1 (32.4 mol. %), 

excessive Y2O3 doping concentration, was also explained similar 

manners. We think that too much Y2O3 concentration formed 

extremely high density of oxygen vacancies, and then, these too 

much oxygen vacancies interrupted each other for oxygen 

incorporation reactions. Thus, size of low frequency semicircles – 

cathodic polarization resistances – were as follows: YSZ-1 > YSZ-

10 > YSZ-7 > YSZ-4. In addition, almost identical explains were 

also applied for HORs which were occurred at anode-electrolyte 

interface. Appropriately high Y2O3 doping concentration in YSZ thin 

film electrolyte helps HORs, but, too much Y2O3 doping 

concentration disturbs HORs like ORRs. Therefore, similar to 

cathodic polarization resistances, size of middle frequency 

semicircles (related with HORs) also showed identical order: YSZ-

1 > YSZ-10 > YSZ-7 > YSZ-4.  

 

  



 

 

86 

 

 

4.4 Conclusions 

 

 

In this study, evaluation of influence of Y2O3 doping concentration 

and optimization of Y2O3 doping concentration on characteristics of 

PEALD YSZ based TF-SOFCs were carried out. By controlling the 

ratio between ZrO2 and Y2O3 process in PEALD YSZ supercycle, 

Y2O3 doping concentration was successfully changed. As thin film 

electrolytes of TF-SOFCs, surface morphology, cross sectional 

structure, and degree of crystallinity have no relation with Y2O3 

concentration. (i.e. all TF-SOFCs showed almost identical surface 

morphology, cross-sectional structure, degree of crystallinity) 

In contrast, performance of TF-SOFC was obviously dependent 

on Y2O3 doping concentration of PEALD YSZ thin film electrolyte. 

10.73 mol. % Y2O3 doped cells showed the best performance (180 

mW/cm2 at 450 ˚C) compared with other Y2O3 doped fuel cells. 

From EIS results, electrode polarization resistance including both 

anode polarization resistance and cathode polarization resistance 

were also greatly affected by Y2O3 doping concentration of PEALD 

YSZ thin film electrolyte. Therefore, extremely high Y2O3 

concentration (32.4 mol %) cell showed the worst performance (27 

mW/cm2 at 450 ˚C) and the largest polarization resistances.  
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CHAPTER 5 PROPERTIES OF ZrO2 THIN FILMS PREPARED BY 

PEALD AT LOW TEMPERATURE (100 ˚C) 

 

 

5.1 Introduction 

 

 

Recently, flexible thin film electronics are drawing lots of 

attention due to their wide range of applications such as flexible 

display, battery, fuel cells, and solar cells. [127–130] Flexible or 

bendable devices generally necessitate polymer or metal foil 

substrates which are usually temperature sensitive. For emerging 

applications such as moisture permeation barrier for organic light 

emitting diodes, lighting applications, and corrosion resistance 

barrier layers for metals, temperature sensitive substrates are also 

widely used.[108,131–137] When such devices are fabricated on 

top of temperature-sensitive substrates, excessive heating may 

cause the permanent thermal degradation or surface oxidation of 

the substrates, which can significantly alter the properties of 

substrates and deteriorate the device performance. Therefore, the 

fabrication process which can deposit high quality thin films even at 

low temperature regime becomes important. 

Plasma enhanced atomic layer deposition (PEALD) is considered 

as a promising candidate for depositing thin films at relatively low 

temperature. PEALD is a kind of energy-enhanced ALD which uses 



 

 

88 

 

highly reactive plasma species instead of conventional oxidants, e.g. 

water, oxygen, etc., for ligand exchange. [110,112,131,132,138] 

PEALD is known to have various advantages compared to thermal 

ALD: Most importantly, the reaction temperature for PEALD is 

known to expand significantly lower temperature regime than that 

of thermal ALD due to the use of highly reactive plasma species. 

Therefore, PEALD has been actively studied to prepare metal oxide 

thin films such as TiO2, ZrO2, or Al2O3 at low temperature for above 

emerging applications. [108,132–135,137] Additionally, PEALD 

typically shows higher growth rate than thermal ALD, and higher 

quality films with high density, enhanced stoichiometry, and low 

concentration of contamination because of the effective removal of 

ligands. The choice of precursors is also known to be more flexible.  

Among metal oxide thin films prepared by PEALD, ZrO2 is a 

promising high-k dielectric material which is considered as a strong 

candidate replacing of SiO2. Due to the high dielectric constant 

related with crystal structure (~19.7 for monoclinic, ~46.6 for 

tetragonal, ~36.8 for cubic structure), many studies have been 

conducted to apply for volatile dynamic random access memory 

(DRAM), complementary metal oxide semiconductor, and metal 

oxide semiconductor field effect transistor. [139–146] ZrO2 has 

good thermal compatibility with Si, wide band gap (4.6~5.8 eV) and 

wide band offset on Si (~1.4 eV). [142–145,147] ZrO2 also has high 

melting point (2680 °C), good oxidation resistance, and high 

reflective index (2.15~2.18 eV). [142,143] Furthermore, low 

boiling points (under 100 °C) of commercial Zr precursors 

(tetrakis (dimethylamino) zirconium (TDMAZr) and tetrakis 



 

 

89 

 

(ethylmethylamino) zirconium) enable the film deposition at low 

temperature for aforementioned flexible devices.  

In this study, we report the deposition of ZrO2 thin films at low 

temperature (100 °C) using PEALD with O2 plasma. Effects of 

plasma parameters, i.e. power and duration on physical, chemical, 

and electrical properties of ZrO2 thin films are systematically 

investigated and presented. Process flexibility as well as film 

quality controllability enabled by the use of plasma may open up 

new possibilities for novel applications of ALD. 
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5.2 Experimental 

 

 

ZrO2 thin films were deposited using a commercial direct 

showerhead type PEALD system with a radio frequency (RF) 

capacitively coupled plasma power source. (Atomic Premium, CN-1 

Co., Korea) A p-type Si wafer (<100>, LG siltron Co., Korea) was 

used as a substrate for preparation ZrO2 thin films. A commercial 

TDMAZr precursor (Sigma Aldrich, USA) was utilized for Zr source. 

The temperature of a bubbler type Zr canister was maintained at 

50 °C and the temperature of the canister line between chamber 

and canister was kept at 70 °C to prevent condensation of a 

precursor. Substrate temperature was maintained at 100 °C. High 

purity Ar gas (99.999%, Shinjin gas, Korea) was used as a carrier 

and a purging gas at a flow rate of 300 sccm. Pure O2 gas (99.999% 

Shinjin gas, Korea) was used as a source for O2 plasma at a flow 

rate of 100 sccm. One cycle of ZrO2 deposition process was 

consisted of Zr pulsing (3 s), Ar purging (30 s), O2 pulsing (1 s), O2 

pulsing with RF plasma (2~8 s), and Ar purging (30 s). 1 s of O2 

pulsing step was inserted before RF plasma step to stabilize the 

oxygen partial pressure. During O2 pulsing step with RF plasma, 

300 sccm of Ar was also supplied simultaneously to stabilize the 

plasma. Plasma duration and power were varied to investigate 
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effects on characteristics of ZrO2 films. The thickness and surface 

morphology of ZrO2 films were measured by focused ion beam 

electron spectroscopy (FIB-SEM, Quanta 3D, FEI Co., USA) with 5 

kV of operation voltage. Chemical composition of ZrO2 thin films 

were investigated by using x-ray photoelectron spectroscopy (XPS 

Theta probe base system, Al Kα (1486.6eV), Thermo Fisher 

Scientific, USA). Surface of samples were cleaned by using 150 eV 

Ar ion etching for 30s before measurements. Crystallinity and film 

density of ZrO2 thin films were evaluated by using x-ray diffraction 

(XRD) with Cu Kα radiation in glancing mode and x-ray 

reflectivity (XRR, X ’ pert pro, PANalytical Co., Netherlands). 

Atomic force microscopy (XE150, Park system Co., Korea) was 

used to characterize the surface topography of 2 μm X 2 μm of as 

deposited ZrO2 thin films in noncontact mode. Image processing and 

data analysis were conducted with XEI program. Electrical 

characteristics of ZrO2 thin films were measured at room 

temperature under ambient air atmosphere by using HP4284A 

precision LCR meter. Metal-insulator-metal (MIM) structure was 

used to study electrical characteristics of as deposited ZrO2 films. 

300 cycles of ZrO2 thin films were deposited on heavily doped p-

type silicon wafer at 100 °C. 50 nm thick gold top electrode was 

prepared on ZrO2 thin films by thermal evaporation method. 

Leakage current–voltage characterizations and capacitance–voltage 

characteristics were characterized. 
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5.3 Results and Discussion 

 

 

Generally, ALD thin films deposited at the temperature that is 

lower or higher than ALD window contain lots of impurities because 

of precursor condensation or thermal decomposition. [148–150] 

Impurities in thin films such as C can significantly affect the 

properties of thin films. [151,152] Figure 5.1. shows the results of 

XPS measurement of C and N contaminations within the ZrO2 thin 

films. O2 plasma power was changed from 25 W to 200 W and 

plasma duration was varied from 2 s to 8 s to investigate effects of 

plasma power and duration.  

In spite of low deposition temperature, nearly 1 atom. % of C and 

negligible (<0.5 atom. %) amount of N impurities were detected 

from ZrO2 thin films when the plasma power was 50 W or above 

regardless of duration. In case of 25 W of plasma power, negligible 

C and N contaminations were detected more than 4 s of plasma 

duration. These results can be explained by high reactivity of 

plasma species and physical bombardment of accelerated plasma 

species by plasma potential. [147,151] Because of these reasons, it 

is considered that ligands of precursors are perfectly removed 

despite of the low deposition temperature. However, in case of 25 

W-2 s O2 plasma, 3.41 atom. % of C and 1.4 atom. % of N were 

measured. This means that 25 W of plasma power and 2 s of 

duration were not enough to remove ligands. 
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Figure 5.1. Chemical composition results of C and N impurities 

within the ZrO2 thin films deposited by PEALD at 100 °C on bare Si 

wafer. a) C, b) N contaminations 

 

Figure 5.2. presents the XRD results of ZrO2 films. As previously 
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mentioned, the dielectric property of ZrO2 is strongly related with 

the crystal structure of ZrO2. [139–141]  

 

 

Figure 5.2. Crystallinity of ZrO2 thin films prepared by means of 

PEALD at 100 °C on Si wafer 

 

Generally, the crystal structure of ZrO2 thin films by thermal ALD 

process largely depends on the substrate temperature. [153] On 

the contrary, figure 5.2., shows that the crystallinity of ZrO2 films 

prepared by PEALD can be independently controlled by plasma 

power and duration even at the same substrate temperature. (100 

˚C) The diffraction peaks of ZrO2 films became clearer and 

sharper as the plasma power increased from 25 W to 200 W. At the 

same power, the crystallinity of ZrO2 films significantly improved as 
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the plasma duration increased from 2 s to 8 s. Relatively weak 

peaks were measured in all 2 s plasma duration ZrO2 films, while 

clear and sharp peaks were observed in all 8 s plasma duration ZrO2 

films. This result implies that increasing plasma duration is more 

effective in improving the crystallinity of ZrO2 films than increasing 

plasma power at low temperature. These tendencies are consistent 

with prior researches on the deposition of ZrO2 film by PEALD. 

[151]  

Despite low deposition temperature, the diffraction peaks of 

either cubic or tetragonal phases were clearly shown in the films 

with 8 s duration except 200 W-8 s ZrO2 films that showed 

monoclinic phase (ICDD-JCPDS Card No. 01-080-0965, 00-

027-0997, 00-036-0420). [125,141,151,153] In prior researches, 

ZrO2 thin films prepared by thermal ALD with H2O or O3 as oxidants 

at relatively high deposition temperature (200 °C~350 °C) 

showed cubic or tetragonal crystal structure while those at low 

temperature (80 °C) showed amorphous structure, which confirms 

that the crystallization of our ZrO2 films is strongly related with the 

use of plasma. [125,153] Notable thing is that, in case of 200 W-8 

s ZrO2 films, monoclinic structure of ZrO2 was observed. This may 

be due to large lateral grains of ZrO2 due to high plasma power and 

long plasma duration. Hwang and Kim reported that ZrO2 films 

prepared by CVD at high deposition temperature (above 475 °C) 

formed monoclinic structure with large grains compared with 

tetragonal structure with small grains at low deposition temperature 

(350 °C). [141] Thus, higher plasma power and longer plasma 

duration caused large lateral grains, then, affected the crystal 
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structure of ZrO2 films. 

 

 

Figure 5.3. Density of ZrO2 thin films synthesized by PEALD at 

100 °C on Si wafer 

 

Figure 5.3. shows the density of ZrO2 thin films measured by XRR. 

Similar to the trend in crystallinity, the density of ZrO2 films 

increased as the plasma power and duration increased. The 

densities of all ZrO2 thin films were shown to be more than 90 % of 

the theoretical bulk ZrO2 density (5.68 g/cm3). In particular, the 

density of ZrO2 films with 200 W-8 s of plasma power and duration 

was more than 95 % of the ideal density. These results could be 

because the additional energy provided by bombardment of plasma 

species has helped the surface adatoms to be more mobile. 

Therefore, the surface pores may have filled by the mobile adatoms 
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more easily increasing the density of films. [141] Additionally, 

more effective desorption of ligands by plasma could have led to the 

decrease of defects, e.g. impurities or voids and therefore, the 

formation of closer packed grains. 

Surface morphologies of ZrO2 films measured by using AFM are 

presented in figure 5.4. and summarized in figure 5.5.  

 

 

Figure 5.4. Surface characteristics of ZrO2 films fabricated by 

PEALD at 100 °C on Si wafer. Preparation conditions of plasma 

power and duration are a) 25 W-2 s ZrO2, b) 25 W-8 s ZrO2, c) 50 

W-2 s ZrO2, d) 100 W-2 s ZrO2, e) 200 W-2 s ZrO2, and f) 200 

W-8 s ZrO2, respectively. 
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Figure 5.5. Surface RMS roughness with respect to plasma power 

and duration measured by AFM 

 

RMS roughness increased when plasma power and duration 

increased. Despite of low deposition temperature, surface 

roughness of our ZrO2 films were similar to that of ZrO2 films 

reported previously. [154,155] Actually, surface roughness has 

been reported to increase as the deposition temperature becomes 

lower due to inhomogeneous gas adhesion on adsorption site. [156] 

In this study, however, physical bombardment of plasma species 

with superior reactivity seems to help to remove ligands and side 

products and therefore, make smooth surface ZrO2 films. 

Furthermore, RMS roughness increases in accordance with the 

increase of plasma duration, which was also reported in prior 
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reports. [155] Increment of roughness seems to be caused by the 

enhanced crystallization, i.e. growth of facets of films at higher 

plasma power and longer plasma duration, which have induced the 

formation of rough surface. [125,153]  

Electrical characterization of ZrO2 films was conducted using MIM 

structure.  

 

 

Figure 5.6. Leakage current as a function of applied voltage 

characteristics of ZrO2 thin films prepared using 2 s and 8 s plasma 

duration and plasma power varying between 25W and 200W 

 

Figure 5.6. shows leakage current density vs. applied voltage plot 

of PEALD ZrO2 films. Leakage current density of ZrO2 thin films 

were mostly in the range from 10-6 mA/cm2 to 10-3 mA/cm2 

between -2 V and 2 V. 200 W-2 s and 200 W-8 s ZrO2 films 
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showed lower leakage current density than any other ZrO2 films. 

When ZrO2 thin films are deposited with the plasma power of 200 W, 

the leakage current density decreased by up to one order compared 

with those prepared with less plasma power. We speculate that 

relatively low concentration of C and N impurities combined with 

the high film density by high power plasma may have improve the 

leakage current characteristics of ZrO2 films.  

 

 

Figure 5.7. Capacitance with respect to plasma power and duration 

of ZrO2 films 

 

Capacitance – applied voltage characteristics are also presented 

in figure 5.7. The thicknesses of ZrO2 thin films were consistent as 

60 nm ± 5 nm. Capacitances of MIM structures were very similar 
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to each other except the 25 W-2 s ZrO2 film. The 25 W-2 s ZrO2 

films demonstrated lower capacitance than other ZrO2 films. Lower 

capacitance of 25 W-2 s ZrO2 film than other films could be due to 

lower crystallization level and lower film density. Higher 

concentration of impurities combined with low plasma power and 

short plasma duration have prevented the film from being 

crystallized as was shown in figure 5.2., which significantly lowers 

the polarization and, therefore, the dielectric constant. Low film 

density also could be another reason for low dielectric constant. 

[141] Calculated dielectric constants based on the capacitance of 

ZrO2 films including low dielectric constant (k=3.9) of SiO2 

interfacial layer were 19.26 (25 W-2 s), 24.02 (25 W-8 s), 22.93 

(50 W-2 s), 24.29 (100 W-2 s), 23.96 (200 W-2 s), and 23.94 

(200 W-8 s), respectively. Dielectric constant of ZrO2 films 

including SiO2 layer were consistent with dielectric constant 

reported in prior researches for tetragonal or cubic structured ZrO2 

thin films. [151] 
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5.4 Conclusions 

 

 

In this study, we prepared ZrO2 thin films through PEALD process 

at 100 °C by using TDMAZr precursor and O2 plasma.  

Despite of low deposition temperature, XPS results demonstrated 

low impurities (C and N) concentration in ZrO2 thin films due to 

highly reactive O2 plasma species except the 25 W-2 s due to 

insufficient plasma power and duration. Crystallinity of ZrO2 thin 

films were strongly related with plasma power and duration. As 

plasma power and duration increased, the crystallinity of ZrO2 thin 

films improved. Also, in spite of low deposition temperature, 

tetragonal or cubic structured ZrO2 films were deposited. Moreover, 

the density of ZrO2 thin films also enhanced as plasma power and 

duration increased. Surface roughness of ZrO2 thin films became 

higher as plasma power and duration increased due to improved 

crystallinity, but was still kept at relatively low level.  

The capacitance – applied voltage as well as the leakage current 

density – applied voltage characteristics showed technically 

interesting trends that we can independently control the electrical 

properties of the films by varying the plasma parameters (power 

and duration). More importantly, using the high-power (200 W) 

and long-duration (8 s) plasma, we can deposit the ZrO2 films with 

improved leakage current density with relatively high dielectric 

constant.  

The result reported in this paper may have implications in 
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widening the applications of PEALD ZrO2 thin films by elucidating 

the relation between the film’s basic properties and the plasma 

conditions 

  



 

 

104 

 

 

CHAPTER 6 CHARACTERISTICS OF Y2O3 THIN FILMS 

PREPARED BY PEALD 

 

 

6.1 Introduction 

 

 

 

Y2O3 is an attractive material for various applications because of 

its especially interesting physical, chemical, and electrical 

characteristics. Y2O3 is used for buffer layers for ferroelectrics and 

protective coating layers due to its chemical stability and high 

melting point. (melting point of Y2O3 : 2450°C)[157–159] Y2O3 is 

also applied for optical applications such as a waveguide material 

due to its high refractive index and Y2O3 : Eu2+ which is well known 

red emitting phosphor. [157,158] YBa2Cu3O7-δ is generally known 

high Tc superconductor [157,158] Moreover, Y2O3 is also a 

constituent of yttria stabilized zirconia (YSZ) which is the most 

typical electrolyte material for solid oxide fuel cells (SOFCs). [1,2] 

Above of all aforementioned applications, Y2O3 is generally known 

as promising materials for application to microelectronics such as 

complementary metal oxide semiconductor (CMOS) devices, thin 

film transistor (TFT) devices, metal-oxide-semiconductor field 

effect transistor (MOSFET) devices, and metal-insulator-

semiconductor (MIS) devices due to its relatively high dielectric 
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constant (10-18), wide band gap energy (5-6eV), low lattice 

mismatch with silicon (a(Si) = 1.086nm, a(Y2O3) = 1.061nm), large 

conduction band offset (2.3eV), and good thermodynamic 

compatibility. [157–161] Therefore, Y2O3 is prepared by various 

thin film techniques such as plasma-enhanced metal organic 

chemical vapor deposition, sputtering, electron beam evaporation, 

molecular beam epitaxy, laser ablation, chemical vapor deposition 

(CVD), atomic layer deposition (ALD) to investigate characteristics 

of Y2O3 films or aforementioned devices. [157–161]  

Among previously mentioned methods, ALD is considered as the 

next generation thin films techniques due to availability of precise 

thickness control, high uniformity, and superior step coverage. [112] 

Plasma enhanced atomic layer deposition (PEALD) is an energy 

enhanced ALD techniques which uses high reactivity of plasma 

species such as ions and electrons during process. PEALD usually 

shows higher growth rate improved physical and chemical 

properties of films due to superior reactivity of plasma species. 

[108,110,112,117] Generally, thin films which is prepared by 

PEALD presents higher density, improved contaminations, enhanced 

stoichiometry, and improved crystallinity compared with films 

deposited by thermal ALD. [108,110,112] And these improved and 

changed physical and chemical characteristics of films have 

influences on properties of thin films. For example, polycrystalline 

structure of film due to improved crystallinity by PEALD 

deteriorates leakage current characteristics of other oxide films.  

Therefore, in this study, we synthesized and investigated Y2O3 

thin films using commercial (CpCH3)3Y precursor and O2 plasma 
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through PEALD method to verify effects of plasma on 

characteristics of Y2O3 films. In order to corroborate characteristics 

of Y2O3 films using (CpCH3)3Y precursor by PEALD, physical, 

chemical and electrical characteristics of Y2O3 films prepared by 

PEALD were investigated. 
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6.2 Experimental 

 

 

To prepare Y2O3 thin films, we used a commercial showerhead 

type direct PEALD system (Atomic Premium, CN1 Co., Korea). To 

characterize growth rate of Y2O3 thin films, crystallinity, chemical 

composition, density of thin films, a commercial one side polished p 

type silicon wafer (100) (LG Siltron Inc., Korea) was used as a 

substrate. For characterization of electrical properties, Y2O3 thin 

films were deposited on heavily doped p type silicon wafer at 

different substrate temperature, 175˚C, 250˚C, and 325˚C, 

respectively. 300 cycles of Y2O3 thin films was maintained. 50nm 

thick and 5.76mm2 (2.4mm X 2.4mm) gold electrode was deposited 

on Y2O3 thin films by thermal evaporation method. Capacitatance – 

Voltage (CV) characteristics of MIM structures were measured by 

using a HP4284A precision LCR meter.  

A tris (methylcyclopentadienyl) yttrium ((MeCp3)3Y) precursor 

was kept in stainless steel canister. The temperature of canister 

was maintained at 145˚C and the temperature of stainless steel 

line between chamber and canister was maintained at 155˚C to 

prevent condensation of precursor. The temperature of stage was 

changed from 175˚C to 325˚C at 25˚C intervals to study effects 

of substrate temperature. High purity argon gas (99.9999%, Shinjin 

Gas Co., Korea) was used as a purging gas and a carrier gas. 300 

standard cubic centimeter per minute (SCCM) of argon gas was 
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used for both carrier gas and purging gas. 100sccm of high purity 

oxygen gas (99.999%, Shinjin Gas Co., Korea) was supplied to 

chamber during the reactant step, i.e. plasma step. The PEALD 

process of one Y2O3 cycle composed of a precursor pulsing (5s), 

argon gas purging (60s), oxygen gas pulsing (1s), oxygen gas 

pulsing with radio frequency (RF) plasma (8s), argon purging (60s). 

In order to stabilize partial pressure of oxygen gas in a chamber, 1 

second of oxgen gas pulse was used before 8 seconds of plasma 

step. Due to low vapor pressure of a tris (methylcyclopentadienyl) 

yttrium ((MeCp3)3Y) precursor, precursor pulse time was kept 5 

seconds. Purging time is also maintained 60 seconds to prevent 

condensation of precursor. The 50W of RF plasma power and 8 

seconds of duration time were maintained.  

The crystallinity, density and thickness of Y2O3 thin films were 

characterized by X-ray diffraction (XRD) with the glancing scan 

mode and X-ray reflectivity (XRR, X’pert pro, PANalytical Co., 

Netherland). Chemical compositions of Y2O3 thin films were 

analyzed by X-ray photoelectron spectroscopy (XPS, Theta probe 

base system, Thermo Fisher Scientific Co., USA). 
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6.3 Results and Discussion 

 

 

Figure 6.1. shows growth per cycle (GPC) of PEALD Y2O3 thin 

films on Si wafer as a function of substrate temperature.  

 

 

Figure 6. 1. Growth rate of Y2O3 thin films prepared by PEALD on 

Si wafer 

 

Each Y2O3 thin films were deposited 300 cycles, respectively. 

The physical thickness of Y2O3 thin films were analyzed by XRR and 

GPC is calculated by dividing the thickness by number of cycles. As 

you can see from the figure, GPC is slightly increased from 

0.11nm/cycle to 0.13nm/cycle as the substrate temperature is 

increased up to 275˚C. After 275˚C of substrate temperature, 
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GPC is almost maintained about ~0.13nm/cycle. For all range of 

substrate temperature, however, clear ALD window which shows 

constant GPC as a function of substrate temperature is not 

observed. Instead, GPC is improved slightly compared with GPC 

deposited by thermal ALD especially at low substrate temperature 

range. [158] Improved GPC of Y2O3 thin films prepared by PEALD 

compared with GPC of Y2O3 deposited by thermal ALD is due to 

high reactivity of plasma species which cause higher density of 

reactive surface sites. [108,110,112,138] 

After GPC characterization, chemical compositions of Y2O3 thin 

films were analyzed.  

 

Table 6.1. Chemical composition of PEALD Y2O3 thin films on Si 

wafer 

 

Table 6.1. shows chemical composition of thin films 

characterized by XPS. In order to compare chemical compositions, 

the chemical composition of Y2O3 thin film prepared by a thermal 

ALD at 250˚C which uses oxygen gas as a reactant is also listed. 

Y2O3 deposited by a thermal ALD contains lots of carbon impurities 

in films, i.e. 14.68 atomic %. It is due to poor reactivity of the 

oxygen gas as a reactant to tris (methylcyclopentadienyl) yttrium 

((MeCp3)3Y) precursor. [108,110,112,138] However, chemical 

composition results of Y2O3 thin films prepared by PEALD contains 

T (˚C) 175 200 225 250 275 300 325 250_O2 
Y3d 41.48 41.99 42.64 43.09 44.02 44.17 43.58 29.67 
O1s 56.86 56.59 56.16 55.91 55.16 54.98 55.63 55.65 
C1s 1.67 1.42 1.2 1 0.82 0.85 0.79 14.68 
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very small amount of carbon in thin films even in low substrate 

temperature. These results means that ligands of tris 

(methylcyclopentadienyl) yttrium ((MeCp3)3Y) precursor are 

perfectly oxidized by high reactive plasma species and requirement 

of thermal energy to form thin films is decreased in PEALD process. 

According to decrement of carbon impurities, stoichiometry of Y2O3 

thin films are also improved compared with Y2O3 prepared by 

thermal ALD due to excellent reactivity of plasma species.  

 

 

Figure 6.2. XRD results of PEALD Y2O3 thin films prepared on Si 

wafer 

 

Figure 6.2. presents crystalline structure and crystallite 

orientation of Y2O3 thin films fabricated by PEALD onto Si (100) 

wafer. Thicknesses of Y2O3 thin films were deposited from 175˚C 

to 325˚C were about 40nm. Above 250˚C of substrate 



 

 

112 

 

temperature, (400) and (440) peak is appeared and (222) 

reflection peak is getting more clear and sharpened as the substrate 

temperature is increased. These results are well matched with prior 

research. [158] However, (222) peak is appeared more lower 

temperature and clear in spite of thinner Y2O3 films. This may be 

due to high reactivity of plasma species or bombardment of ions and 

electrons. [108,112,138,150,162] 

Table 6.2. shows film density results of Y2O3 thin films on Si (100) 

wafer by XRR measurement.  

 

Table 6.2. Density of PEALD Y2O3 thin films as a function of the 

substrate temperature 

 

Ideal bulk density of Y2O3 is 5.03g/cm3. As you can see from the 

table, density results of all Y2O3 films are above 95% of ideal bulk 

Y2O3 density. And density of Y2O3 thin films is increased to ideal 

value as the substrate temperature is increased, except Y2O3 thin 

films prepared at 250˚C. Reasons for sudden decrease of Y2O3 at 

250˚C has been studied in our laboratory 

Figure 6.3. depicts the capacitance – voltage curves for MIM 

structure where Y2O3 thin films were deposited by PEALD process 

at different temperature – 175˚C, 250˚C, and 325˚C for 300 

cycles. As you can see from the figure 6.3., capacitance is 

decreased as the substrate temperature is increased due to 

T (˚C) 175 200 225 250 275 300 325 
Density 
(g/cm3) 4.91 4.99 4.96 4.82 5.01 5.01 5 
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increment of Y2O3 thickness. However, capacitances of each film 

are maintained almost constant with respect to measured frequency. 

According to the GPC of Y2O3 as a function of substrate 

temperature, thickness of Y2O3 thin films are 32nm, 37.8nm, and 

41.5nm, respectively. By using the thickness of Y2O3 thin films, 

dielectric constant k is calculated. Average dielectric constants of 

each Y2O3 thin films are 15.5, 17.2, and 16.1 at 1kHz, respectively. 

Dielectric constants of Y2O3 thin films prepared by PEALD are 

slightly higher than known values. [102,158] but, are not changed 

as a function of the substrate temperature. 
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Figure 6.3. Electrical characteristics of PEALD Y2O3 thin films by 

using MIM. a) C-V characteristics of p-Si/PEALD Y2O3 prepared at 

175˚C/Au. b) C-V characteristics of p-Si/PEALD Y2O3 prepared at 

250˚C/Au. c) C-V characteristics of p-Si/PEALD Y2O3 prepared at 

325˚C/Au.  
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6.4 Conclusions 

 

 

In this research, Y2O3 thin films are successfully deposited on Si 

(100) wafer by PEALD method. A commercial tris 

(methylcyclopentadienyl) yttrium ((MeCp3)3Y) precursor and 

oxygen plasma are used as a precursor and reactant. In spite of the 

unclear ALD window, growth rate per cycle is improved compared 

with prior researches about a thermal ALD of Y2O3. Carbon 

contaminations in Y2O3 thin films are drastically decreased and film 

stoichiometry is improved due to high reactivity of oxygen plasma 

species. The crystallinity of Y2O3 thin films are clear and increased 

as the substrate temperature is increased. The densities of Y2O3 

thin films measured by XRR are above 95% of theoretical bulk Y2O3 

density. Capacitance – voltage characteristics of Y2O3 thin films are 

measured and dielectric constants for Y2O3 thin films are calculated. 

Dielectric constants are slightly higher, 15~17, however, are almost 

identical with the substrate temperature. 
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CHAPTER 7 Concluding Remarks 

 

 

7.1 Summary 

 

 

This study investigated on characteristics of PEALD YSZ and 

showed possibility of PEALD YSZ as oxygen ion conducting thin 

film electrolyte of nano-porous AAO based TF-SOFCs for the first 

time. In addition, chemical, physical and electrical properties of ZrO2 

and Y2O3 thin films – well known high k materials and composition 

materials of YSZ thin films – prepared by PEALD process were 

investigated.  

First, influence of preparation techniques on properties of YSZ 

films was investigated. PEALD YSZ showed superior chemical 

composition (negligible impurities) and improved crystallinity 

compared with sputter YSZ and thermal ALD YSZ. Compared with 

PEALD and thermal ALD YSZ, TF-SOFCs with 140 nm thick 

sputter YSZ thin film electrolyte showed perfectly short circuit due 

to formation of defects or pin-holes. Interestingly, TF-SOFCs 

based with thermal ALD YSZ showed low OCV and peak power 

density than TF-SOFCs based with PEALD YSZ, because of carbon 

contaminations of thermal ALD YSZ. High concentration of carbon 

impurities caused internal short circuit (leakage current through 

ALD YSZ thin film electrolyte), and then, reduced the OCV and 

performance of fuel cells.  
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After investigation of influence of fabrication process, effects of 

plasma power and duration on characteristics of PEALD YSZ were 

systematically studied. Chemical compositions of PEALD YSZ films 

(Y2O3 mol. %) were highly independent of plasma conditions. In 

contrast with chemical properties, in-plane oxygen ion 

conductivities of YSZ films on single crystal MgO substrates were 

clearly related with plasma power and duration. Increase of plasma 

power and duration caused enhanced in-plane oxygen ion 

conductivity due to improved degree of crystallinity of PEALD YSZ 

films. After film characterization, electrochemical properties of 

PEALD YSZ were examined as an oxygen ion conducting thin film 

electrolyte of TF-SOFC. Pt anode - PEALD YSZ thin film 

electrolyte – Pt cathode structure on nano-porous AAO substrate 

showed 95.4 mW/cm2 and 217.5 mW/cm2 at 450 ˚C and 550 ˚C, 

respectively. 

In order to improve performance of TF-SOFCs with PEALD YSZ 

thin film electrolyte, optimization of Y2O3 concentration of PEALD 

YSZ was carried out. Y2O3 concentration of PEALD YSZ was 

controlled by changing the ratio of ZrO2 and Y2O3 process in the 

YSZ supercycle. Effects of Y2O3 doping ratio on chemical and 

physical characteristics of PEALD YSZ films were evaluated. Y2O3 

concentration was successfully controlled by changing the ratio of 

ZrO2 and Y2O3 process. Crystal structure of PEALD YSZ films were 

very similar regardless of Y2O3 concentration, except 32.4 mol. % 

Y2O3 concentrated YSZ films. (ZrO2 : Y2O3 = 1:1) As oxygen ion 

conducting thin film electrolytes, TF-SOFCs with 10.73 mol. % 

Y2O3 concentrated YSZ showed the best performance – 180 
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mW/cm2 at 450 ˚C, which were 26.8 %, improved performance 

than 7.24 mol. % YSZ based cell.   

As a promising high k material, ZrO2 is considered as a strong 

candidate replacing of SiO2. In order to utilize many advantages of 

ZrO2 such as high dielectric constant, wide bandgap, and wide band 

offset on Si, on thermal sensitive substrates – flexible polymer or 

metal foil – ZrO2 thin films were prepared at low temperature (100 

˚C) by using PEALD process and characterized. In spite of low 

temperature, LT PEALD ZrO2 thin films showed negligible 

contaminations and clear polycrystalline structure due to superior 

reactivity of oxygen plasma species – activated atoms, ions, and 

electrons. Electrical characteristics (leakage current vs. applied 

voltage and capacitance vs. applied voltage) of ZrO2 thin films were 

measured by using MIM structure. Using high plasma power and 

long duration, electrical characteristics of LT PEALD ZrO2 thin films 

were improved. 

Finally, PEALD Y2O3 thin films were prepared and characterized 

using the commercial tris-(methylcyclopentadienyl)-yttrium 

((MeCp3)3Y) precursor. In spite of unclear ALD window of PEALD 

Y2O3, growth rate was increased than prior thermal ALD researches. 

Moreover, contamination of Y2O3 film was dramatically improved 

due to superior reactivity of plasma species. By using MIM 

structure, capacitance vs. applied voltage characteristics were 

measured, and then, dielectric constants was calculated. 

  



 

 

119 

 

 

7.2 Future Works 

 

 

In this dissertation, chemical, physical, and electrochemical 

characterizations of PEALD YSZ thin films are described. Influence 

of deposition conditions of PEALD (plasma power and plasma 

duration), effects of deposition techniques (sputter, thermal ALD, 

and PEALD), and finally, influence of Y2O3 dopant concentration on 

properties of YSZ films were systematically studied. At the same 

time, application of PEALD YSZ as a thin film electrolyte of AAO 

based TF-SOFCs (Pt – PEALD YSZ – Pt) was carried out to 

evaluate electrochemical properties of YSZ films in the device level. 

After characterization and application of YSZ thin films, detailed 

studies about individual PEALD ZrO2 and Y2O3 thin films – both are 

promising high k materials – were carried out, respectively.  

In spite of enormous possibilities of PEALD as mentioned in 

chapter 1, this study only uses very small characteristics of PEALD 

like the tip of the iceberg. Therefore, more detailed and 

comprehensive studies about PEALD and thin films prepared by 

PEALD should be required such as process optimization (e.g. 

plasma power, time (duration), temperature, flow, and distance at 

substrate - plasma generator, volume ratio between plasma 

sources gas). Also, using the most critical issue of PEALD, i.e. 

superior reactivity of plasma species – activated atoms, ions, and 

electrons, attempt new precursor which have the lower melting 

point temperature than melting point temperature of the 
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tris(methylcyclopentaldienil)yttrium (150 ˚C) to lower the YSZ 

deposition temperature.  

In TF-SOFCs, PEALD YSZ thin film electrolyte is utilized for the 

first time. In spite of much thinner PEALD YSZ thin film electrolyte 

than sub-micrometer scale YSZ thin film electrolyte prepared by 

various techniques (sputter and PLD), OCVs of TF-SOFCs have 

been measured near the theoretical value (calculated by the Nernst 

equation). This good OCV implies that PEALD YSZ shows pin-hole 

free and perfect gas-tightness characteristics in 100 nm level. 

However, thinner PEALD YSZ thin film electrolyte can lead to the 

increase of performance of TF-SOFCs. Therefore, optimization of 

PEALD YSZ thickness (as thin as possible) which secures gas-

tightness and pin-hole free characteristics simultaneously is 

required. 

This study may provide important insights in the design of high-

performance TF-SOFCs, and finally, significant perception of 

commercialization of TF-SOFCs for various applications. At the 

same time, results of this thesis can enlarge the area of PEALD not 

only for high k oxide thin films but also next generation thin film 

electrochemical energy conversion devices. 
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국 문 초 록 

 

본 연구에서는 최초로 플라즈마 원자막 증착기(plasma enhanced 

atomic layer deposition, PEALD)를 이용하여 제작한 이트리아 안정화 

지르코니아(yttria – stabilized zirconia, Y2O3 stabilized ZrO2, YSZ) 박

막의 특성을 분석하고, YSZ를 나노 다공성 양극 산화 알루미늄(anodic 

oxidized aluminum, AAO)지지체 기반의 박막 고체 산화물 연료전지의 

산소 이온 전도 박막 전해질로 적용하여 그 가능성을 확인하였다. 또한, 

PEALD를 이용하여 제작한 지르코니아(ZrO2)및 이트리아(Y2O3)단일물

질로 구성된 박막의 화학적, 물리적, 전기적 특성을 분석하였다.  

우선, 제조 공정이 박막의 특성에 끼치는 영향을 확인하기 위하여, 

PEALD YSZ와 일반 열 원자막 증착기 (thermal atomic layer 

deposition, thermal ALD), 스퍼터를 이용하여 증착한 YSZ 박막의 특

성을 비교 분석하였다. PEALD YSZ는 제작과정에서 발생하는 플라즈마 

물질 – 활성화 원자, 이온, 전자 – 들의 우수한 반응성과, 플라즈마 물질

들의 bombardment에 의한 에너지 공급으로 인해서 thermal ALD YSZ

와 스퍼터 YSZ 박막에 비해서 우수한 결정성을 보였고, 오염물질도 거

의 없는 것을 확인할 수 있었다. 각 YSZ 박막들의 전기화학적 특성을 

비교해보기 위하여 AAO 기반의 박막 고체 산화물 연료전지를 만들어서 

특성을 평가하였다. 140 nm 스퍼터 YSZ의 경우 결함(defects)과 핀홀
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(pin-hole)로 인해 쇼트(short circuit)가 발생했다. Thermal ALD YSZ

의 경우 전해질의 두께와 상관없이 일정한 개회로 전압을 보였는데

(~0.8V), 이는 thermal ALD YSZ 내부에 있는 과도한 탄소 오염물질에 

의한 누설전류(leakage current)효과로 인한 전압강하라고 생각된다. 반

면에 50 W 플라즈마 파워와 3 s 플라즈마 공정 시간을 이용하여 제작

한 PEALD YSZ 박막 전해질을 갖는 소자는 500 ˚C에서 개회로 전압 

1.09 V에 168.2 mW/cm2 의 성능을 보였다.  

이후, PEALD 공정의 중요한 변수인 플라즈마 파워와 지속시간이 

PEALD YSZ의 특성에 어떠한 영향을 끼치는지 확인해보았다. PEALD 

YSZ의 화학적 특성 은 플라즈마 파워 혹은 지속시관과 아무런 영향이 

없는 것을 확인하였으나, 단결정 MgO (100) 기판위에 제작된 PEALD 

YSZ 박막의 평면방향(in-plane) 산소이온 전도도는 플라즈마 파워가 

증가하고, 지속시간이 길어질수록 향상되는 PEALD YSZ 박막의 결정성

으로 인해 개선되었다. 박막 특성 분석 후, PEALD YSZ의 전기화학적 

특성을 분석하기 위해, Pt 연료극–PEALD YSZ 박막 전해질–Pt 공기극 

구조의 AAO 기반 박막 고체 산화물 연료전지를 제작하고, 특성을 분석

하였다. 박막 고체 산화물 연료전지는 각각 450도에서 95.4 mW/cm2, 

그리고 550 도에서 217.5 mW/cm2의 성능을 기록하였다. 

 

YSZ 전해질을 사용하는 박막 고체 산화물 연료전지의 성능을 향상시
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키기 위하여 PEALD YSZ 박막의 Y2O3 몰 농도 최적화에 관한 연구를 

진행하였다. YSZ 제작 공정에서 ZrO2 와 Y2O3 공정의 비율을 변화시켜

서 PEALD YSZ 박막의 Y2O3 농도를 제어하였다. 그 결과 Y2O3 공정 

비율이 증가할수록 박막의 Y2O3 몰 농도가 최대 32.4 mol. % 까지 증

가하였고, 서로 다른 Y2O3 몰 농도를 갖는 소자의 전기화학적 특성을 

분석하였다. 각 소자들의 전기화학적 특성을 측정한 결과, 10.9 mol. % 

Y2O3를 갖는 박막 고체 산화물 연료전지가 450 ˚C에서 우수한 성능

(180 mW/cm2)을 보였다. 이는 연료극과 전해질의 계면, 공기극과 전해

질의 계면에 분포한 과량의 Y2O3로 인해서 발생한 많은 산소 공극

(oxygen vacancy)이 수소 산화 반응(HOR)과 산소 환원 반응(ORR)을 

도와주어서 전기화학반응에서 발생하는 손실을 감소시켰기 때문으로 추

측된다.  

다음으로 폴리머 기판 혹은 열에 민감한 기판에 사용할 수 있도록 

ZrO2를 PEALD 공정을 이용하여 저온 (100 ˚C)에서 제작 후 화학적, 

물리적, 전기적 특성을 분석했다. 낮은 온도에서 제작되었어도, 플라즈마

의 우수한 반응성으로 인해 오염물질이 없는, 다결정 박막을 얻었다. 이

후 저온 PEALD 공정으로 증착된 ZrO2 박막의 유전상수를 금속-절연

체-금속 구조를 이용하여 구하였다.  

마지막으로, 최초로 PEALD 공정을 이용하여 증착된 Y2O3 박막의 화

학적, 물리적, 전기적 특성을 평가하였다. 상용 tris 
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(methylcyclopentadienyl)yttrium ((MeCp3)3Y) 전구체를 이용하여 

PEALD 공정을 진행하였다. 비록 명확한 ALD window가 측정되지는 

않았지만, 성장률(growth rate)이 일반 thermal ALD를 이용하여 Y2O3

를 제작할 때 보다 증가하였고, XPS 분석 결과 Y2O3 박막에 탄소와 같

은 오염물질도 거의 없는 것을 확인하였다. 마찬가지로 금속-절연체-금

속 구조를 이용하여 PEALD 공정으로 제작된 Y2O3의 인가 전압에 대한 

캐패시턴스 특성을 확인하여 유전상수를 구하였다. PEALD Y2O3 의 유

전상수는 15~17 의 값을 보였으며, 증착온도에 큰 영향을 받지 않는 

것을 확인하였다.  

 

주요어: 플라즈마 원자막 증착법, 원자막 증착법, 이트리아 안정화 

지르코니아, 박막 고체산화물 연료전지, 박막, 양극 산화 알루미늄 
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