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Abstract 

In order to keep the performance of solid oxide fuel cells (SOFCs) at 

intermediate operating temperature range (500℃ - 700℃), thin and fully dense 

yttria-stabilized zirconia (YSZ) electrolytes are desired to provide shorter oxygen 

ion transport distance and prevent fuel crossover and internal currents losses. 

Atomic layer deposition (ALD) is one of the promising fabrication candidates, 

yielding conformal and pin-hole free thin films due to its self-saturation reaction. 

For YSZ thin films, Y2O3 concentration, grain size, thickness, and ALD recipe 

setup are critical to their conductivity. All reported studies in the literature used 

the ALD recipe with various Y2O3 and ZrO2 ALD cycles in one ALD super-cycle 

to manipulate the Y2O3 concentrations. With this method, annealing is required to 

homogenize the distribution of Y2O3, during which the properties of thin films 

are possibly compromised. A recipe with both yttrium and zirconium precursor 

pulses in one ALD cycle was developed in this study. Plasma enhanced ALD 

(PEALD) YSZ thin films using tetrakis-dimethylamido zirconium (Zr(NMe2)4), 

Tris(methylcyclopentadienyl)yttrium (Y(MeCp)3) and oxygen gas as precursors 

were grown on p-type Si(100) at 150℃. Several characterization techniques, 

including in-situ spectroscopic ellipsometry (i-SE), X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (XRD), atomic force microscopy (AFM), 

and four-point conductivity measurements were utilized to characterize the 
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optical, chemical, morphological and electrical performance of the YSZ 

electrolyte thin films. As-deposited YSZ thin films were dense and with high 

refractive indices (2.15 to 2.3 at 550nm), showing an outstanding oxygen ionic 

conductivity (0.2 S/cm at 600℃) with low activation energy (0.98 eV obtained 

from 400℃ to 600℃). The true size effect was considered to be responsible, 

introducing the intrinsic modification of the local physical properties in the 

vicinity of the grain boundaries.  The true size effect was compromised due to the 

coarse grains of thick YSZ thin films, and consequently they exhibited poorer 

conductivity. From the results it has been found that the ALD recipe setup affects 

the structural and electrical properties of YSZ thin films. Annealing improved the 

conductivity of samples using YOZO and ZOYO recipes due to the 

homogenization of Y2O3 distribution. However, the conductivity of samples using 

YZO and ZYO recipes decreased after annealing because of the weakened true 

size effect. 
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Chapter 1 

Introduction 

1.1 Background 

With the increasing degradation of the environment due to carbon dioxide 

emissions, the development and adoption of clean energy is increasingly 

important and urgent. A fuel cell is an energy conversion device which converts 

chemical energy of fuels directly into electrical energy without combustion, 

showing a much more efficient conversion compared with other methods. Solid 

oxide fuel cells (SOFCs) have emerged as a promising candidate for high 

efficiency fuel cells, outstanding fuel flexibility, and long life expectancy [1]. 

The electrolyte is one essential component of SOFCs. Its main functions 

include preventing the two electrodes (anode and cathode) from electronic 

contact and providing an oxygen ion or proton transport path to keep the overall 

electrical balance [2]. Yttria stabilized zirconia (YSZ) is one of the most 

commonly used electrolyte materials for oxygen ionic transport. YSZ with 8 mol% 

Y2O3 (8YSZ) has been found to exhibit the highest oxygen ionic conductivity due 

to the stabilization of the cubic phase of zirconia. The fluorite structure of this 

cubic phase exhibits good oxygen ionic conductivity due to its high capacity for 

oxygen vacancies at tetrahedral sites[1].  
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Atomic layer deposition (ALD) is derivative of chemical vapor deposition 

(CVD). During ALD, precursors are introduced into the reaction chamber 

independent of each other to prevent any gas phase reaction and to limit the 

reactions to the surface of the substrate [3]. The major advantage of ALD is the 

deposition of conformal and pin-hole free thin films. According to the functions 

of electrolyte materials mentioned above, ALD is a promising candidate 

fabrication technique. Furthermore, the high conformity and thin ALD electrolyte 

films provide a possibility of operating SOFCs in a lower temperature, with the 

benefits of longer lifetime, and lower cost with the possibility of using cheaper 

construction materials [1]. 

 

1.2 Objectives of This Work 

The use of ALD thin YSZ films for SOFC electrolytes has been studied in 

literature [4-6]. However, as the thickness of YSZ decreases to nanometer scale, 

the effects of grain size, grain boundary, thickness, and the yttrium oxide 

concentration in YSZ on oxygen ionic conductivity are still contentious.  

In this thesis, an in-depth study of thin film YSZ fabricated by plasma-

enhanced ALD (PEALD) is presented. The main research goals are: 

• Develop a novel yttrium oxide PEALD process that enables low % 

yittria compositions by using a low vapor pressure precursor. 
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• Develop the ALD recipe parameters for YSZ and study the effect of 

recipe variations on its ionic conductivity. 

• Identify the effect of yttrium oxide concentration in nanocrystalline YSZ 

thin films on oxygen ionic conductivity for the intermediate temperature 

range (400°C - 600°C). 

• Investigate the effect of ALD pulse sequence in recipes on 

conductivities of ALD YSZ. 

• Study the effects of grain size, grain boundary and thickness of YSZ 

electrolytes on oxygen ionic conductivity. 

 

1.3 Outline of Thesis 

YSZ thin film electrolytes for SOFCs fabricated by PEALD has been studied. 

tetrakis(dimethylamido)zirconium(IV) (Zr(NMe2)4) and (tri-

methylcyclopentanol)yttrium (Y(MeCp)3) were selected to be the precursors for 

zirconium and yttrium, respectively. 

Chapter 2 is a literature review on fundamentals of SOFC and ALD, mainly 

focused on the oxygen ionic conduction mechanism of the electrolyte material 

YSZ and factors that affect its conductivity. 

Chapter 3 outlines the experimental procedure, including sample preparation, 

the ALD system, and the characterization techniques. 
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Chapter 4 describes the ALD parameter recipe development of yttrium oxide 

using precursor Y(MeCp)3 in the low vapor pressure condition. A model has been 

presented to study the effect of precursor ampoule temperature on ALD reactions. 

Chapter 5 investigates the ionic conductivity of PEALD YSZ thin films and 

the effects of film thickness and microstructures on ionic conductivities. 

Chapter 6 discusses the property variations of YSZ thin films fabricated by 

ALD recipes with different pulsing sequence. 

Chapter 7 summarizes the overall conclusions obtained from this work. 

Chapter 8 introduces possible future research directions. 

 

1.4 References 
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Chapter 2   

Literature Review 

2.1 Electrolytes of SOFCs 

A SOFC consists of two electrodes sandwiched around a hard ceramic 

electrolyte [1]. For oxygen ionic conduction SOFCs shown in Figure 2.1, 

hydrogen gas and oxygen gas are supplied on the anode and cathode side, 

respectively. Oxygen ions are produced on the cathode side from the reaction 

between oxygen molecules and electrons. The electrolyte layer functions as the 

transport passage for oxygen ions. When oxygen ions arrive at the anode side, 

hydrogen molecules react with oxygen ions, producing water and electrons. 

Electric power is generated when electrons travel through the circuit. 

 

Figure 2.1 Schematics of oxygen ionic conduction SOFCs [1]. 
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The cell open circuit voltage (OCV, Eo) is the electromotive force of an 

SOFC, and it can be calculated from the free energy change ΔG of the 

electrochemical reaction or from the partial pressure of the oxygen at the cathode 

Po(c) and at the anode Po(a) [2]: 

/ ( / ) ln ( ) / ( )o o oE G nF RT nF P c P a                             (2.1) 

where R is the gas constant, T is the absolute temperature, F is the Faraday 

constant, and n is the electron equivalent of oxygen (n=4). At 1000°C the OCV is 

approximately 1V when using pure hydrogen fuel and air. However, when 

operating SOFCs, the measured voltage is always lower than the theoretically 

calculated OCV because of the following four types of irreversibility [3]. 

1. Activation losses. The reactions taking place on the electrode surfaces 

are slow. As a result, a proportion of the OCV is lost to drive the 

chemical reaction that transfers electrons between the cathode and the 

anode. The activation losses could be reduced by raising the cell 

temperature, using more effective catalysts, and increasing electrode 

roughness and reactant concentrations. 

2. Fuel crossover and internal currents losses. If the fuel or electrons 

pass through the electrolyte, fuel crossover and internal currents 

irreversibility happens. Therefore, a high gas-tightness of the electrolyte 

is necessary to decrease this irreversibility.  
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3. Ohmic losses. The ohmic resistance of the electronic and ionic transport 

path is the cause of ohmic losses. For electronic ohmic losses, using 

electrodes with the highest possible electronic conductivity materials is a 

solution. For ionic ohmic losses, reducing the electrolytes thickness or 

choosing materials with high conductivity can improve it.  

4. Mass transport or concentration losses. When there is a change of 

reactant concentration at the surface of electrodes, this type of 

irreversibility occurs. From equation (2.1) we can see that a change in 

reactant concentration leads to a variation of partial pressure, leading to a 

lower voltage.  

Electrolytes are the critical components of SOFCs, determining the operating 

temperatures [1]. From the irreversibility section mentioned above, it can be seen 

that electrolytes play an important role in reducing the fuel crossover and the 

internal currents and ohmic losses. Correspondingly, an ideal oxygen ionic 

electrolyte has the following properties [1,3]:  

1. High oxygen ionic conductivity 

2. Low or no electronic conductivity 

3. Good thermal and chemical stability 

4. Low thickness to reduce ohmic losses 

5. Completely dense to maximize conductivity and minimize reactants 

cross-over 
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Goodenough [4] has provided a comprehensive review of oxide ion 

electrolytes, the materials used and the conduction mechanisms. There are two 

main types of electrolytes, fluorites and perovskites. In this thesis, only YSZ, one 

of the most popular fluorite-structured electrolyte materials, is investigated. 

 

2.2 Yttria-stabilized Zirconia (YSZ) 

YSZ is ideal to be electrolyte material due to its purely oxygen ionic 

conduction (with no electronic conduction) [1]. In pure zirconium oxide, oxygen 

vacancies exist as intrinsic defects, which provide oxygen ions paths to transport. 

However, the amount of intrinsic oxygen vacancies is very limited, and that is 

why yttrium oxide is introduced into zirconium oxide, forming YSZ. The 

mechanism [3] of oxygen ionic conduction in YSZ is shown in Figure 2.2(a). 

When Zr4+ ions are substituted with Y3+ ions, extrinsic oxygen vacancies are 

generated in the fluorite crystal structure acting as the conduction passage for 

oxygen ions. 

According to the phase diagram [5] Figure 2.2(b), 8YSZ is the zirconia with 

the minimum yttrium oxide concentration to be fully stabilized, showing the 

highest ionic conductivity.  
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(a)YSZ structure [5]                     (b) Phase diagram of the System ZrO2-Y2O3 [6] 

Figure 2.2 Oxygen ionic conduction mechanism of YSZ. 

 

Peters [7] developed the explanation why 8YSZ exhibits the highest oxygen 

ionic conductivity. When the concentration of Y2O3 is lower than 8 mol%, more 

oxygen vacancies are created with increasing the concentration of Y2O3, which is 

also the conduction mechanism of YSZ. When increasing the Y2O3 concentration 

above 8 mol%, the strong Coulombic interactions among oxygen vacancies act as 

a barrier for oxygen ionic conduction, leading to a lower conductivity.  
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2.3 Intermediate Temperature SOFCs 

As we mentioned in section 2.1, raising the SOFC cell operating temperature 

can reduce the activation losses and increase reaction rates. However, high 

temperature is also a challenge for the construction, durability, cost, and lifetime 

of SOFCs [1,3]. Decreasing the operating temperature of SOFCs to intermediate 

temperature (IT-SOFCs) range from 500°C to 750°C [8] or even lower has 

attracted much attention in both academia and industry. 

Since the oxygen ionic conductance of electrolytes decreases when the 

operating temperature goes down, the main focus of IT-SOFCs is to improve the 

electrolyte conductance. There are two main ways to achieve this [9]. The first 

way is to reduce the thickness of electrolyte, shortening the distance that ions 

need to travel. The second one is to improve the ionic conductivity of the 

electrolyte. 

 

2.4 Atomic Layer Deposition (ALD)  

To fulfill the requirements in IT-SOFC operating temperature range, a 

fabrication technique, with the capacity to produce hermetic thin film electrolytes 

with no pin-holes, is required. Mingde [10] and Beckel [11] published very 

comprehensive studies of the available electrolyte fabrication methods, including 
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tape casting, slurry coating, CVD, sol-gel, sputtering, plasma spraying, and ALD. 

More detailed information can be found in the references [10, 11]. 

ALD is a thin film deposition technique that has attracted much attention in 

both industry and academia [12]. Compared with other techniques, the major 

advantage of ALD is conformal and pin-hole free thin film production due to its 

self-saturation reaction, which perfectly matches the requirements of electrolytes 

in SOFCs. A schematic diagram [13] of the ALD process is shown in Figure 2.3. 

A pulse of precursor A is introduced into the reaction chamber, during which the 

precursor A molecules are first physi-sorbed and then chemi-sorbed on the 

substrate. An inert gas purge follows to eliminate the precursor A residues. 

Precursor B molecules are then pulsed into the reaction chamber and react with 

precursor A molecules on the substrate surface. Another inert gas purge is used to 

remove byproducts and precursor residues. After the ALD cycle, a single layer of 

the needed material is obtained. The thickness of materials can be controlled by 

repeating the ALD cycles as long as desired. 

In ALD research, a recipe parameter optimization is done to make sure the 

reaction occurs as we expected. The key parameters include the deposition 

temperature, precursor A pulse time, precursor A purge time, precursor B pulse 

time, and precursor B purge time.  
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Figure 2.3. The schematic of ALD [13]: (a) precursor A is introduced into the 

reaction chamber; (b) unabsorbed precursor A is purged; (c) precursor B is 

introduced and react with precursor A only on the substrate surface; (d) excess 

precursor B and by-products are purged; (e) next cycle begins by introducing 

precursor A. 

 

 

Choosing a suitable deposition temperature range plays a very important role 

in ALD growth saturation. The purpose of optimizing substrate temperature is to 

identify the “ALD window”. When the ALD window is obtained, further 

optimization can be done within the ALD window. If the reaction happens 

outside the ALD window, incomplete reaction, condensation, incomplete reaction, 

desorption, or thermal decomposition will occur, as shown in Figure 2.4 [14].  

The incomplete reaction happens when the substrate temperature is too low 

and the thermal energy is not high enough to overcome the activation barrier for 

the surface reaction. As a result, a portion of precursor molecules fail to react 

with the substrate, leading to a low growth per cycle (GPC). 
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The condensation appears when the precursor molecules condense on the 

substrate at low temperature. The achieved high GPC consists of the growth from 

ALD reaction and condensed precursor molecules. 

The decomposition takes place in the case that the thermal energy is high 

enough to break the bonds within the precursor molecules. Consequently, the 

reaction becomes not self-saturated with a high GPC. 

The precursor molecules would desorb at high substrate temperature if they 

are only physical adsorbed on the substrate. In this case, a fraction of precursor 

molecules leave the substrate before any chemical reaction happens, and a low 

GPC is obtained. 

 

Figure 2.4. Schematic of possible behavior in different deposition temperature 

ranges [14]. 

 

Long enough pulse time and purge time are desired to complete the self-

saturated ALD reaction. The pulse time ensures full precursor coverage of 

substrate surface, and the purge time is responsible for removing all the extra 
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precursors and by-products from the reaction chamber. However, too long pulses 

result in precursor and inert gases waste.  

 

2.5 Factors that affect ionic conductivity of YSZ  

There are many factors that influence the properties of fabricated YSZ. In 

this section, the effects of yttrium oxide concentration in YSZ, grain size, the 

thickness of YSZ thin films, and the crystalline defects in YSZ microstructures 

are discussed. According to the schematic of four components of materials 

science and engineering [15] (Figure 2.5), by using different ALD processing 

parameters, some specific structures of YSZ can be obtained, resulting in a high 

ionic conductivity property, and ultimately leading to a better SOFC performance. 

 

 

Figure 2.5. Four components of materials science and engineering [15]. 

 

2.5.1 Effect of yttrium oxide concentration  

For conventionally fabricated bulk YSZ at operating temperatures around 

1200°C, it has been widely accepted that the 8YSZ exhibits the highest ionic 

conductivity. In Section 2.2, the mechanism of 8YSZ having the highest ionic 

conductivity has been presented. 
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However, the phase diagram is possibly different for nanometer scale YSZ 

thin film electrolytes, which is desired for ITSOFC in order to achieve the high 

conductance. Yashima [16] proposed that the phase diagram (Ruh [6]) omitted 

meta-stable phases in ZrO2-Y2O3 system, which are more likely to be presented at 

lower temperature levels. Son [17] claimed that 10YSZ is the optimum yttrium 

oxide doping ratio when ALD is utilized as the fabrication technique. According 

to his research, the inhomogeneous doping in the vertical direction of ALD 

fabricated YSZ thin films is the cause of this shift in optimum yttrium oxide 

concentration in YSZ. Ramamoorthy [18] found that 3YSZ gave the highest ionic 

conductivity for nanocrystalline YSZ, in contrast to 8YSZ for coarser-grained 

YSZ. They also showed that the grain boundary effect is dominant when YSZ is 

nanocrystallized, resulting in the lowest overall activation energy of 3YSZ even 

though it had the tetragonal rather than cubic crystal structure. Fabbri [19] further 

showed that the space charge region has a greater effect on lightly doped YSZ 

than that in highly doped YSZ leading to the highest ionic conductivity in 3YSZ. 

 

2.5.2 Effect of thickness  

Thickness affects the conductance of YSZ thin films according to Ohm's law. 

Conductance, G, is determined by ion conductivity , σ , surface area, A, and 

thickness, L.  
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G = σ
A

L
                                                   (2.2) 

Reducing the thickness of YSZ leads to a higher conductance. However, the 

effect of thickness on the conductivity has not been thoroughly investigated. 

Gilardi [18] studied the effect of thickness from 70 nm to 300 nm on ionic 

conductivity. They found that the sample with thickness of 70 nm shows the 

highest conductivity at 500ºC. Other research by Kosacki [19] found that ionic 

conductivity is independent of thickness when thickness is high, and when 

thickness gets less than 60 nm, an exceptionally high ionic conductivity was 

found. Kosacki attributes the improvement to the contribution from interface 

conductivity. The total conductivity was expressed by a rule of mixtures model as 

shown in equation (2.3) [19]. 

σ𝑛 = 𝜎𝑠
𝑛𝑓𝑠 + 𝜎𝑏

𝑛(1 − 𝑓𝑠)                                   (2.3) 

where 𝜎𝑠  is the interface or grain boundary conductivity, fs is the volume 

fraction occupied by the interfacial conduction path (interface thickness divided 

by total thickness), 𝜎𝑏 is the lattice or grain conductivity, and n is a parameter 

that depends on the morphology, roughness, strain, and the setup, in the range 

from -1 to 1. However, Karthikeyan [20] fabricated 17 nm thin YSZ films and 

found no significant improvement of ionic conductivity. On the contrary, Huang 

[21] investigated the effect of thickness of conductivity at 550°C, 600°C, and 

650°C and found remarkable increasing in conductivity with thickness less than 
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17 nm. The effect of thickness on ionic conductivity is still controversial, and 

therefore needs further investigation. 

 

2.5.3 Effect of grain size 

Grain boundaries in YSZ are usually treated as blocking layers for oxygen 

ionic conduction with high activation energies due to the defect segregation in 

grain boundaries [7]. However, when the thickness scales down to the nanometer 

scale, the effect of grain boundaries is not decided in the literature.  

Kosacki [21] observed an increase in ionic conductivity when grain size 

reduces to 20 nm. This was attributed to size-dependent grain boundary 

segregation. When the grain size reduces to 20 nm, oxygen ions are easier to 

diffuse through the grain boundary areas. Similar results were observed by some 

other researchers [19, 22-24]. Aoki [25] concluded that the change of grain 

boundaries from blocking layers to enhancing is due to the dilution of ionic 

blocking impurities resulting from the reduced grain size. 

However, De Souza [26] found grain boundaries hinder oxygen ions 

transport even when grain size is reduced to the nanometer scale. Kim [27] 

demonstrated that oxygen vacancies are immobile in grain boundaries, and that 

the immobility increases with decreasing the grain size. Several researchers [28-

31] have concluded that grain boundaries are blocking oxygen ions transport due 

to impurities, even in the nanometer scale grain size.  
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Peters [32] made a summary of the grain size effects on oxygen ionic 

conductivity. There are two effects, trivial size effect and true size effect, as 

shown in the schematic Figure 2.6.  

The trivial size effect is the effect of higher density of grain boundaries 

resulting from smaller grain size in the materials, which leads to a higher 

proportion of grain boundary conduction in total oxygen ion transport. If the 

conductivity of grain boundaries can be improved significantly, the trivial size 

effect will lead to a high conductivity for nano-crystalline YSZ.  

 

 

Figure 2.6. Schematic of the two effects of reducing grain size on oxygen ionic 

conduction [31].  

 

The true size effect involves intrinsic modification of the local physical 

properties in the vicinity of the grain boundaries. In this model a grain boundary 

consists of a grain boundary core and two space charge layers (SCLs). It can be 
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seen from Figure 2.7 that when the core is depleted with positively charged 

oxygen vacancies, the concentration of oxygen vacancies in SCLs will increase. 

In the cases that the SCLs thickness is comparable to the grain size of nano-

crystalline YSZ, the oxygen vacancies concentration within grains would 

increase significantly, leading to a higher conductivity. 

 

 
 

Figure 2.7. True size effect when grain boundary cores are depleted with 

positively charged oxygen vacancies [31]. 
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Chapter 3 

Experimental Procedure and Characterization 

Techniques 

3.1 Introduction 

This chapter describes experimental procedures and characterization methods. 

The features of the ALD 150-LX system are discussed, and then followed by 

sample preparation, including substrate preparation and pre-deposition treatment. 

The characterization techniques utilized for ALD thin films are discussed in the 

later part. 

 

3.2 ALD 150-LX system 

All ALD depositions were performed in a commercial ALD system, ALD-

150LX (Kurt J. Lesker Inc.), schematically shown in Figure 3.1. It can 

accommodate four different precursors using thermal ALD or PEALD. Inert gas 

(Ar when there is a deposition and N2 when there are no depositions) is 

continuously flowing through the reactor gas line and chamber to prevent 

condensation of precursors or byproducts on the reactor walls. Considering the 

trade-off [1] between gas interdiffusion and entrainment, the pressure in the 
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chamber was kept at 1 torr during the deposition. All the gas flows were 

controlled by electronic mass flow controllers (MKS Instruments). A remote 

inductively coupled plasma (ICP) source was utilized in the system as shown in 

Figure 3.1. The maximum power of the plasma was 600W with a ramping rate of 

6000W/s.  

 

Figure 3.1 Schematic of ALD-150LX (Kurt J. Lesker Inc.). 

 

Precursor materials used for zirconium oxide and yttrium oxide were 

Zr(NMe2)4 and Y(MeCp)3 (from Strem Chemicals Inc..), respectively. They were 

kept in stainless steel ampoules at 110°C and 75°C, to provide high enough vapor 

pressures for ALD reactions. In order to avoid condensation of precursor 

materials, the ALD valves and the gas lines were heated as well, as shown in 

Table 3.1. 
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Table  3.1 Temperature set-points for precursors 

Precursor Tampoule (°C) Tvalve (°C) Tline (°C) 

Zr(NMe2)4 75 95 110 

Y(MeCp)3 110 120 130 

 

3.3 Sample Preparation 

Lightly doped p-type Si(100) wafers were used as substrate.  They were 

diced into 15mm×20mm pieces using a dicing saw (Disco DAD 321). The 

substrates were cleaned using piranha solution (a mixture of H2SO4 and H2O2 

with the volume ratio of 3:1) for 15 minutes to eliminate any organic 

contaminations. After cleaning, substrates were stored in sealed containers prior 

to deposition. 

When substrates were transferred into the process chamber, they were 

exposed to oxygen plasma before the deposition in order to enable desorption of 

surface contaminations and condition the substrate surface for PEALD process. 

 

3.4 Characterization methods 

Various techniques were used to characterize the ALD growth and material 

properties of PEALD Y2O3 and YSZ thin films. In-situ spectroscopic 
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ellipsometery was performed to optimize the recipe of PEALD parameters by 

identifying thickness under different conditions as shown in Figure 3.1. Four-

point electrical tests were conducted to measure the oxygen ionic conductivity of 

PEALD YSZ thin films. Concentrations of yttrium oxide and impurity levels in 

PEALD YSZ thin films were studied using x-ray photoelectron spectroscopy 

(XPS). The crystal structure of the ALD films was investigated using x-ray 

diffraction (XRD). Atomic force microscopy (AFM) was utilized to measure 

roughness and grain size of PEALD YSZ thin films. 

 

3.4.1 In-situ Spectroscopic Ellipsometery (i-SE) 

Spectroscopic ellipsometry (SE) is an optical measurement technique that 

allows determination of thickness and optical properties of thin films by 

characterizing light reflection (or transmission) from the sample [2]. SE measures 

two parameters, amplitude ratio ψ and phase difference ∆ between p-polarized 

(parallel to the incident plane) and s-polarized (perpendicular to the incident 

plane) reflected lights.  

ρ =
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛𝜓 ∙ 𝑒𝑖∆                                        (3.1) 

rp and rs are the complex amplitude reflection coefficients of reflected lights 

p-component and s-component [2]. The measured amplitude ratio ψ and phase 

difference ∆ were utilized to fit the thickness and optical parameters in an optical 



30 

 

model iteratively. By lowing the mean square error (MSE) and keeping the fit 

parameters physically reasonable, the thickness and optical properties can be 

obtained. Thus, SE is a very powerful tool for in-situ characterization. 

In this thesis, a research SE tool J.A.Woollam M-2000DI was used to in-situ 

characterize ALD films during growth. The incident angle was fixed at 70°, and 

the photon energy range was from 0.735eV to 6.464eV. The location of this SE 

tool in the ALD system is shown in Figure 3.1. An physical model built 

specifically for the present study is shown in Figure 3.2. There are three layers in 

this model, and they are the silicon wafer substrate, native oxide of silicon and 

the ALD grown layers (yttrium oxide, zirconium oxide, or YSZ). A Cauchy 

model was used to parametrize the dielectric function of the ALD layers. The 

upper limit of the photon energy was set to be 4.5 eV since the band gaps of 

yttrium oxide and zirconium oxide are about 5.5 eV [3] and from 5eV to 7 eV [4], 

respectively. The acquired ellipsometric data was analyzed using CompleteEASE 

software (version 4.48) from J. A. Woollam with built-in models for dielectric 

function and a dielectric constant library for standard materials. During the ALD 

process, the sample thickness was fit every five cycles. In almost all cases, the 

initial growth ALD thickness versus number of cycles curve is not linear. In the 

beginning of the ALD, it is heterodeposition stage in which the material is 

deposited on the substrate; while after the first stage the material is grown on 

itself, which is called homodeposition stage. The GPC difference between 
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heterodeposition and homodeposition leads to the substrate-enhanced or the 

substrate-inhibited growth pattern, as shown in Figure 3.3. The linear fits to 

obtain growth GPC were conducted in the straight region of thickness versus the 

number of cycles curve in the homodeposition stage. 

 

 

Figure 3.2. Multi-layered model for i-SE characterization. 

 

 

 

(a) Substrate-enhanced growth             (b) Substrate-inhibited growth 

Figure 3.3. Schematics of substrate-enhanced and substrate-inhibited ALD 

growth patterns. 

 

Silicon substrate 

Native oxide (~1nm) 

ALD grown layer 
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3.4.2 Four-Point Ionic Conductivity Test 

Four-point conductivity measurements are commonly used to measure the 

electrical properties of solids and thin films in material science and 

semiconductor industries due to easy sample preparation and high accuracy. A 

schematic of test setup is shown in Figure 3.4.  Four Ag wires were attached to 

the sample with Ag paste. A Keithley model 2400 series sourcemeter was used to 

provide a constant current for the measurement. The distances of 1&2, 2&3, 3&4 

were kept the same. At the test temperatures, when applying a constant current, I, 

through the outer contacts 1 and 4, a voltage drop, ∆U, across the inner contacts 2 

and 3, was recorded. Then the conductivity of the tested sample can be calculated 

by equation 3.2. 

      σ = (
𝑙𝑛2

𝜋𝑑
)

𝐼

𝑈23
                                                     (3.2) 

where σ is the conductivity, d is the thickness of samples, U23 is the measured 

voltage difference between inner contacts 2 and 3. 

 

Figure 3.4. The schematic of four-point ionic conductivity test. 
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The activation energy of ionic conduction can be indirectly obtained from 

conductivity results [5] as follows. The conductivity σ is determined from the 

majority carrier concentration n, the carrier’s charge q, and the mobility of carrier 

μ. 

      σ = nqμ                                                     (3.3) 

The mobility is a function of the carrier charge q, temperature T, and 

diffusivity D. 

      μ =
qD

R𝑇
                                                     (3.4) 

where R is the gas constant. We also know that the dependence of diffusivity on 

absolute temperature T follows the Nernst equation, which is 

      D = 𝐷0exp (−
𝑄𝑑

𝑅𝑇
)                                            (3.5) 

where D0 is an approximately temperature-independent pre-exponential, and Qd 

is the activation energy for diffusion. Combining equation (3.3) (3.4), and (3.5), 

we can have 

      σ =
nq2

𝑅𝑇
𝐷0𝑒𝑥𝑝 (−

𝑄𝑑

𝑅𝑇
)                                         (3.6) 

Taking logarithms to the base 10 of equation (3.6) yields 

      log(σT) = log (
nq2𝐷0

𝑅
) −

𝑄𝑑

2.3𝑅
(

1

𝑇
)                           (3.7) 

Because n, q, D0, R, and Qd are all constants, the activation energy Qd can be 

obtained by plotting logarithmic σT versus (1/T).   
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3.4.3 X-Ray Diffraction (XRD)  

X-Ray Diffraction (XRD) is a method to investigate the crystal structure of 

materials using Bragg’s law [6]: 

2𝑑𝑆𝑖𝑛𝜃 = 𝑛𝜆                                                       (3.8) 

where d is the interspacing between atomic planes, θ is the incident angle, λ is the 

wavelength of the beam.  

A Rigaku Ultima IV XRD system for the studies using 0.15418 nm Cu-Kα 

radiation (40 kV, 44mA). A thin film attachment was utilized to study the 

crystallinity of the thin ALD samples. During operation, the scan speed was set to 

2 degrees per minute with a sampling width of 0.05 degree. The glancing angle, 

omega, was set 0.5 to ignore the peaks from silicon substrates, and the scan range 

was from 10 degrees to 80 degrees.   

 

3.4.4 X-Ray Photoelectron Spectroscopy (XPS)  

X-Ray photoelectron spectroscopy (XPS) is a commonly used qualitative 

and quantitative chemical analysis technique for surface characterization. XPS is 

capable of investigating elemental composition and chemical state of elements 

[6]. A monochromatic X-ray beam (Al-Kα) was applied to the sample surface. 

The photons are absorbed by sample surface, and electrons are emitted according 

to the photoelectric effect [7].  
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The detector receives the energy of the emitted electrons, and then the data is 

presented as a graph of intensity (usually expressed as counts or counts per 

second) versus binding energy of the electron. The detected kinetic energy of the 

electron is dependent on the photon energy of the X-rays employed and therefore 

is not an intrinsic property. The binding energy of the electron is a parameter that 

identifies the electron. The relationship between the kinetic energy, Ekinetic, and 

the binding energy, Ebinding, is according to Ernest Rutherford’s equation: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 − 𝑊                             (3.9) 

where Ephoton is the photon energy, and W is the work function of the 

spectrometer. 

Every element has a characteristic set of peaks at specific binding energies 

from which the qualitative analysis can be accomplished. The peak intensities 

represent the quantitative information of each element. Also, the chemical state 

influences the locations of peaks, leading to shifts to higher or lower binding 

energy levels.  

In this thesis, XPS measurements were performed using an Axis Ultra 

Spectrometer (Kratos Analytical) to study the elemental compositions and 

chemical bonding of ALD thin films. A monochromatic Al-Kα radiation (hν = 

1486.71 eV) was used during the measurements under ultrahigh vacuum 

condition (5×10-10 torr). CasaXPS software was utilized to analyze the XPS data. 

Calibrations were conducted by using C 1s peak at 284.8eV. For quantification 
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analysis, Shirley type background was used for both zirconium and yttrium. The 

relative sensitivity factors for zirconium 3p peak and yttrium 3p peak were 7.78 

and 7.19, respectively. The concentration of yttrium oxide can be obtained from 

yttrium and zirconium atomic percentages. Using the same method, a bulk 8YSZ 

sample with ~8.7 mol% Y2O3 was measured three times as a standard. The 

standard measurement result was 11.9±0.3 mol%. The quantification analysis 

results were calibrated according to this standard measurement. 

3.4.5 Atomic Force Microscopy (AFM) 

In atomic force microscopy (AFM) a micro-fabricated sharp solid force 

probe is used to scan the surface of samples, measuring the surface height [8]. 

When the probe is brought into proximity of a sample’s surface, a deflection 

occurs due to forces between the probe tip and the sample. AFM can be operated 

in three modes: contact mode, tapping mode, and non-contact mode. In this thesis, 

a Veeco Dimension 3100 AFM tool was used in the tapping mode to characterize 

the roughness and grain size of YSZ thin films. The grain size was measured by 

the classical line intersection method with Image J. In this method, five lines 

were used to intersect with the grain boundaries. Average grain size was 

calculated by the ratio of line length and the number of grains. The root mean 

square (RMS) roughness, calculated using the following equation: 

RMS = √
∑ 𝑍𝑖

2

𝑁
                                                (3.10) 
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where Zj is the height at point i, N is the total number of points. 
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Chapter 4  

Y2O3 PEALD in Low Vapor Pressure Condition 

of Precursor 

4.1 Introduction 

ALD [1] is a deposition technique that has attracted much attention in both 

industry and academia due to its ability to produce high uniformity and 

conformal films. During the ALD process, the reactant gases (which are called 

precursors) of two sequential reactions are pulsed into the reaction chamber 

alternately [2]. Each cycle forms one atomic layer on the surface of the substrate, 

and a given thickness of the film material with high precision is achieved as the 

cycles are repeated as many times as desired. ALD has been employed to 

fabricate composite thin films including nanolaminates, alloys, mixed oxides, and 

doped materials [3]. The properties of these films were optimized by adjusting 

the number of each component’s ALD cycles in the process recipes. 

When choosing an ALD precursor, its vapor pressure is one important factor 

[2]. Generally, high vapor pressure is required in order to provide enough 

precursor molecules to fully cover the surface of the substrate. However, for low 

concentration components in composite materials, choosing precursors with low 

vapor pressure or lowering precursor temperature might introduce benefits of 
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lower cost and better properties. For example, yttria-stabilized zirconia (YSZ) is a 

commonly used electrolyte material in solid oxide fuel cells (SOFCs), and the 

yttrium oxide concentration in YSZ is usually lower than 10 mol%. 

For yttrium oxide ALD, Y(MeCp)3 has been widely used as the precursor 

material as summarized in Table 4.1. Many studies [4-16] have utilized water or 

ozone as the oxygen source. The GPC range obtained by most researchers [4-7] 

using continuous flow systems is from 0.7 Å - 1.9 Å/cycle, except for the case of 

3.5 Å/cycle obtained by researchers [8-16] who used the “exposure mode” [8], in 

which all inlets and outlets of the reactor chamber closed for some time to allow 

sufficient surface reaction. Oxygen plasma was used as the oxygen source by Cho 

[17-19], with GPCs of 1.2 Å - 1.9 Å. No matter which oxidant was used, the 

ampoule temperature was set at high levels. 

In this chapter, yttrium oxide ALD using Y(MeCp)3 and oxygen plasma was 

experimentally studied. In the past, process parameters design has been mainly 

focused on the pulse and purge times of precursors [18-19], while ampoule 

temperature was ignored. In our investigation, a model is presented to describe 

the effect of ampoule temperatures on ALD reactions. As a result, the reaction is 

not self-limiting but provides a way achieve low yttria compositions in YSZ with 

potential benefits of a reduced cost and enhanced properties. 

 

. 
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Table 4.1. Summary of yttrium oxide ALD using Y(MeCp)3 in the literature 

Oxygen source Tampoule (°C) GPCs(Å/cycle) Reference 

Water 190 1.2 4 

Water 110 1.2-1.3 5 

Ozone 110 1.2 6 

Water 110 0.7-1.2 7 

Water 190 3.5 8-16 

Oxygen plasma 145 1.2-1.9 17-19 

 

 

4.2 Experimental Parameters 

A schematic diagram of the pulsing sequence for an ALD cycles is shown in 

Figure 4.1. In the first half reaction, Y(MeCp)3 molecules are introduced into the 

reaction chamber using short pulses (pulse time of the precursor, t1) when the 

ampoule valve is pulsed open. After a purge time (t2), residual Y(MeCp)3 

molecules are removed from the reactor. During the second half reaction, oxygen 

gas is introduced into the reaction chamber, followed by the 600W ICP plasma 

ignition (pulse time of the oxygen plasma, t3). Finally, another purge time (t4) is 

used to remove the remaining oxygen.  
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Figure 4.1. The pulsing sequence of ALD cycles. 

 

During ALD, the substrate temperature (Tsub) plays an important role in ALD 

growth since Tsub helps to overcome the activation barrier for surface reaction 

and avoids condensation, incomplete reaction, desorption, or thermal 

decomposition from occurring [20], as described in section 2.4. In order to 

optimize an ALD process recipe, as detailed illustrated in earlier work [21], 

sufficiently long pulses (t1 and t3) of Y(MeCp)3 and O2 plasma are necessary to 

realize self-limiting surface saturation, so that Tsub can be determined. Purge 

times (t2 and t4) after each precursor pulse ensure that by-products and unreacted 

precursors are completely removed, preventing CVD gas reactions. 

After Tsub is achieved, minimum pulses and purges (t1, t2, t3, and t4) are used 

to reduce material and time consumptions. This process is usually called recipe 
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optimization. The ALD recipe optimization parameter ranges, used for yttria 

ALD optimization, are given in Table 4.2. 

 

Table 4.2. Y2O3 PEALD recipe optimization, including deposition temperature (Tsub), 

Y(MeCp)3 pulse time (t1) and the following purge time (t2), oxygen plasma pulse time (t3) 

and the following purge time (t4)  

Optimized  

parameter 

Range   ALD Cyclea t1-t2-t3-t4 (s) Tsub
a 

Tsub 50℃ - 275℃ 10 - 15 - 30 - 10 variable 

t1 1s - 20s variable - 15 - 30 - 10 Tsub* 

t2 5s - 60s t1* - variable - 30 - 10 Tsub* 

t3 5s - 60s t1* - t2* - variable - 10 Tsub* 

t4 5s - 60s t1* - t2* - t3* - variable Tsub* 

aThe optimized parameter was marked with * 

 

4.3 Results and Discussion 

4.3.1 Y2O3 growth saturation 

The data from the optimization process described in Table 4.2 is shown in 

Figure 4.2, where substrate temperature, pulse widths and purge times are plotted 

versus GPC. In Figure 4.2(a) GPC versus substrate temperature (50℃ to 275℃) 

is shown. Below 150℃ the GPC declined to ~0.075 Å/cycle, indicating that there 
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may not enough thermal energy available to drive the surface chemical reactions 

to completion. Between 150℃ to 225℃, a steady GPC of 0.11 Å/cycle was 

obtained. Above 225℃, the GPC dropped to lower values due to desorption. The 

optimized substrate temperature window of 150℃ to 225℃ is consistent with the 

literature [4, 5]. For the rest of the recipe optimization, the deposition temperature 

was fixed at 200℃. In Figure 4.2(b), the GPC increased with increasing 

precursor pulse width, t1, in the range of 1s to 4s and saturated beyond 4s. 

Therefore, in the following experiments t1 was fixed at 4s. During the 

optimization of oxygen plasma pulse time (t3), the GPC increased when 

0<t3<10s, followed by a relatively slow increasing after 10s, as seen in Figure 

4.2(d). The initial rapid increase is probably due to the insufficient oxygen 

plasma dose, and the following slower rise after t3=10s was attributed to the fact 

that more Y(MeCp)3 vapor molecules sublimed and were effused out from the 

ampoule. In the following experiments, oxygen plasma exposure of 30s was used. 

In the optimizations of purge time t2 and t4, unusual GPC curve patterns were 

observed. According to the self-limiting nature of ALD, GPC should be high 

when the purge time is too short due to CVD gas reactions. As the purge time 

increases, less residual gas is left in the chamber, and GPC would decrease and 

then saturate. However, in Figure 4.2(c) and (e) GPC did not saturate, but 

continuously increased with elongated purge times. This suggests that the 

sublimation of Y(MeCp)3 in the ampoule, during vapor replenishing time 
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(t2+t3+t4), plays an important role. As t2+t3+t4 gets longer the vapor pressure in 

ampoule has more time to recover which means that there are more molecules in 

the precursor pulse, leading to higher GPC. Although 15s for t2 and 10s for t4 are 

long enough to remove the residual Y(MeCp)3 and oxygen plasma respectively, 

t2=30s and t4=20s are used for following experiments. 

   

             

            

Figure 4.2. Y2O3 ALD growth saturation curves dependent on (a) substrate 

temperature Tsub ; (b) Y(MeCp)3 pulse time t1 ; (c) Y(MeCp)3 purge time t2 ; (d) 

oxygen plasma pulse time t3 ; and (e) oxygen plasma purge time t4. 

(a) 

(d)                             (e) 

(b)                (c) 
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The GPC obtained with the optimized recipe (t1=4s, t2=30s, t3=30s, t4=20s) 

was ~0.15 Å, much lower than those in the references in Table 4.1. Many 

investigators [4, 8-19] used higher precursor temperatures, leading to increased 

amount of precursor per unit pulse width. Although some references [5-7] used 

the same ampoule temperature setup for Y(MeCp)3, the recipes being used were 

not optimized and may have introduced the possibility that CVD-like gas 

reactions were involved. For example, only 1s purge time was used to remove 

residues of 0.7s Y(MeCp)3 pulse in Ref. [5], ozone was used as the oxidant in 

Ref. [6] and a bubbler (instead of an ampoule) was used in Ref. [7]. Considering 

the concentration of yttrium oxide in YSZ is usually lower than 10 mol% as 

mentioned in the section of introduction, the yttrium oxide GPC of 0.15 Å is high 

enough for applications to YSZ electrolyte materials. Furthermore, low GPC may 

enable access to lower concentration of yittria in zirconia than is commonly 

available in ALD. 

 

4.3.2 Optical properties 

The dispersion relationship used to analyze samples were briefly introduced in 

section 3.4.1. The dispersion functions of the Si(100) substrate and native oxide 

were loaded from the library of the software CompleteEASE. The n(λ) functions 

of Y2O3 thin films were approximated by Cauchy’s polynomials 

n(λ) = a +
𝑏

λ2
+

𝑐

λ4
                    (4.4) 
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Figure 4.3 shows the dispersive n(λ) functions of Y2O3 thin films when 

deposition temperature varied from 100℃ to 225℃, with thickness of 2.4±0.3 

nm. A bulk Y2O3 curve [22] is shown for comparison.  

The results clearly showed that thin film samples have noticeably lower 

refractive indices than bulk materials. This is due to the thickness of the films, 

and has been observed in the literature [23]. The refractive index at 600 nm 

wavelength as a function of deposition temperature is shown in Figure 4.4. The 

lowest refractive index level of the sample deposited at 100℃ is accordant with a 

low density and a high porosity [24, 25], probably resulting from the incomplete 

reaction at this temperature. In the ALD window (150℃ to 225℃), there is a 

rising trend of refractive index as a consequent of the structures with coarser 

grains and fewer defects at high temperature. The refractive index of sample 

deposited at 125℃ is higher than those at either 100℃ or 150℃, probably 

because the incomplete ALD reaction at 125℃ leads to a dense structure. 
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Figure 4.3. Ellipsometry measurements of the refractive index as a function of the 

wavelength λ. 

 

 

Figure 4.4.  Refractive index versus substrate temperature at 600 nm wavelength. 
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4.3.3 Modeling of Y(MeCp)3 vapor in ampoule 

Three assumptions were made in the modeling of effusion and sublimation: 

(1) All the vapor gases are assumed to be ideal, (2) We only considered the 

effusion of Y(MeCp)3 vapor molecules, and the inert gas Ar in the ampoule does 

not affect the effusion of Y(MeCp)3. Considering the enormous size and weight 

differences between Y(MeCp)3 and Ar, it is a plausible assumption, and (3) The 

effusion and sublimation process are governed by Knudsen effusion equation and 

sublimation equation. 

The Knudsen effusion rate is given by the equation below [26]: 

𝑑𝑚𝑒𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝑑𝑡
= 𝐴 ∗ √

𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

2𝜋𝑅𝑇
∗ 𝑃      (4.1) 

in which, A is the area of the effusing hole, Mmolecule is the molecular weight 

of the gas that is effusing, R is the ideal gas constant, T is the temperature, P is 

the vapor pressure in the ampoule. 

The sublimation rate of precursor in the ampoule is described as [27] 

𝑑𝑚𝑠𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛

𝑑𝑡
= 𝑒−

𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑢0
2

2𝑅𝑇 ∗ √
𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

2𝜋𝑅𝑇
∗ 𝑆 ∗ (𝑃𝑒𝑞 − 𝑃),  (4.2) 

where S is the surface area of the solid precursor material in the ampoule, 

Pequilibrium is the pressure at temperature T, u0 is the threshold velocity for the 

precursor molecules to evaporate, and the other parameters are mentioned above. 

During the ALD process, the pressure inside the ampoule is changing with 

time during every ALD cycle if the vapor pressure of the metal precursor is low. 
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When precursor materials were initially installed into ampoules in a glove box at 

room temperature, the inert gas atmosphere is normally higher than 760 torr. For 

the first-time usage, the pressure within the ampoule is significantly higher than 

the line pressure (1 torr in our study). Therefore, the first-time usage is conducted 

to balance the pressure between line and the ampoule. After that, the ampoule 

pressure is slightly higher than the line pressure and ready to do ALD. The 

pressure change during ALD cycles is shown in Figure 4.5. Before the valve was 

open, the pressure inside the ampoule, P, is the sum of line pressure (Pline) and the 

equilibrium partial pressure of precursor vapor (Peq). Once the valve is opened, 

Y(MeCp)3 vapor molecules effuse out of the ampoule and into the Ar gas line, 

lowering the vapor partial pressure in the ampoule (Pp) resulting in a total 

pressure P very close to Pline. Increasing the valve opening time (t1), the 

difference between P and Pline becomes more negligible. When the valve is 

closed, the Y(MeCp)3 vapor pressure begins to increase. With enough time 

(t2+t3+t4) PP would recover to Peq. 
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Figure 4.5. The ampoule pressure change with time as the ALD valve opens and 

closes during ALD cycles. 

 

During the pulse time (t1), effusion and sublimation occur at the same time. 

Based on equations (4.1) and (4.2), the mass change of Y(MeCp)3 vapor inside 

the ampoule (dm) is the mass difference between effusion and sublimation, 

according to the following equation: 

dm = [𝑒−
𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑢0

2

2𝑅𝑇 ∗ √
𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

2𝜋𝑅𝑇
∗ 𝑆 ∗ (𝑃𝑒𝑞 − 𝑃) − 𝐴 ∗ √

𝑀𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

2𝜋𝑅𝑇
∗ 𝑃] ∗ 𝑑𝑡     (4.3) 

During the remaining time (t2+t3+t4) in every ALD cycle when the valve is 

closed, only sublimation occurs, so equation (4.2) can be used to describe the 

process during t2+t3+t4. Thus, the relationship of time and Y(MeCp)3 vapor mass 

inside the ampoule could be described by equations (4.3) and (4.2) during t1 and 

t2+t3+t4, respectively. Some known constants in equations (4.1) - (4.3) are as 
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followed. The molecular weight of Y(MeCp)3 (Mmolecule) is 325.9 g/mol. The area 

of the effusing orifice (A) is 3.2x10-5 m2. The volume of the ampoule (V) is 

5.0x10-5 m3. The surface area of the solid precursor in the ampoule (S) is 7.6x10-4 

m2. The threshold velocity of molecules (u0) is 24.4 m/s. The vapor pressures of 

Y(MeCp)3 at different temperatures, obtained from Air Liquide [28], are shown 

below in Table 4.3.  

 

Table 4.3. Vapor pressures of Y(MeCp)3 at different temperatures [28] 

Temperature (℃) Vapor pressure (torr) 

110 0.025 

130 0.085 

150 0.300 

170 1.000 

190 3.000 

 

As mentioned in the discussion on the recipe optimization, the time between 

Y(MeCp)3 pulses appear to affect GPC. The variations in the number of 

molecules effusing from the ampoule with cycles were determined by model 

calculations using the equations above. Although the correlation of the number of 

molecules and GPC is not simply linear, it is clear that more molecules would 

yield higher GPC when the substrate surface is not saturated. In Figure 4.6(a)-(c), 

t1, t4, and the ampoule temperature were the variables, respectively.  
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Figure 4.6. Variation of the molecule numbers effusing from the ampoule with 

cycles. (a) t1, precursor pulse as the variable; (b) t4, plasma purge as the variable; 

(c) ampoule temperature as the variable. 
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In Figure 4.6(a), a pattern is observed that is contrary to what is generally 

observed, that is, a longer pulse time leads to higher GPC. Here, a shorter pulse 

time (for example 1s) leads to a higher flux of molecules (which should lead to 

higher GPC if saturation has not been reached) to the substrate compared with a 

longer pulse time (for example 20s) during the first 30 cycles. This is explained 

by the fact that longer pulse times deplete the vapor pressure of Y(MeCp)3 inside 

the ampoule more quickly, as seen in Figure 4.7. However, after the ~30th cycle 

the vapor coming out in all cases reached saturated values (Figure 4.6 (a-c)). At 

the same time, the ampoule pressures reached to a steady state.  

 

 
Figure 4.7. The modeling variations of precursor vapor pressure inside the 

ampoule with time when Y(MeCp)3 pulse time (t1) is the variable. 

 

Figure 4.8 shows the experimental data obtained when t1 was being optimized, 

and a similar pattern can be observed. The GPC of 20s pulse time was higher 
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than that of 4s pulse time in the first several cycles due to the ampoule vapor is 

abundant. From the eighth cycle to about fortieth cycle, the GPC of 4s pulse time 

is higher because the precursor vapor of 20s is consumed. This confirms the 

conclusion that calculating GPCs should be conducted after a number of initial 

cycles (~30) have passed so that ampoule vapor pressure has reached steady state. 

In the literature, GPC is often calculated using a simple method of differences in 

thickness divided by the total number of cycles (starting from the first cycle). 

This may lead to erroneous GPC values and could explain some of the results in 

which growth rate (Å/cycle) and total thickness decreased with increasing 

precursor pulse time, for example [29, 30].  

 

 

Figure 4.8. GPC variation with number of cycles in the optimizing t1 cases of 

t1= 4s and 20s.  
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The effect of t2, t3 and t4 on precursor vapor pressure inside the ampoule is 

similar, and Figure 4.6(b) shows only the modeling results for t4. A longer t4 

provided more time for the sublimation of the precursor, leading to higher vapor 

pressure in the ampoule and more molecules emanating from the ampoule per 

pulse resulting in a higher GPC. This is consistent with the experimental results 

shown in Figure 4.2.  

Figure 4.6(c) shows the effect of ampoule temperature. Elevated ampoule 

temperatures provide higher vapor pressures not only for the initial pulse, but 

also at steady state. This illuminates why the GPC for Y2O3 PEALD varies over a 

wide range in the literature. From the modeling results, it is clear that in order to 

increase the GPC, increasing ampoule temperature is much more efficient than 

increasing precursor pulse time. A longer purge time providing a higher level of 

pressure recovery also works, but is not time-efficient.  

It is noteworthy that the above statements are not valid for precursors with 

high vapor pressures. Trimethylaluminum (TMA), for example, is a high vapor 

pressure precursor and accordingly the number vapor molecules emanating from 

the ampoule is stable at high levels when the ampoule temperature and pulse time 

are only 20℃ and 0.1s, respectively. The TMA curve is superimposed on the plot 

of Figure 4.6(c), as shown in Figure 4.9. It is clear that increasing the ampoule 

temperature of TMA would not improve GPCs of the saturated self-limiting ALD 

reaction but there would be a significant waste of precursor materials. 
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Figure 4.9. Variations of precursor vapors emanating from the ampoule with 

number of cycles of TMA, as a comparison to the Y(MeCp)3. 

 

High vapor pressure precursors are ideal for ALD nanolaminate composites 

application, but not suitable for ALD mixed or doped composites applications. In 

cases that high vapor pressure precursors are utilized, post-annealing is usually 

desired to form homogeneous mixed or doped composites, which is not necessary 

when using low vapor pressure precursors. Also, it is easy to obtain low 

concentration components in ALD composites by manipulating the pulse widths 

of precursors when using low vapor pressure ones. 

 

4.4 Conclusions 

We have investigated PEALD Y2O3 for YSZ composite thin films using 

Y(MeCp)3 as the low vapor pressure precursor with ampoule temperature at 

110℃. In-situ thickness characterization obtained from spectroscopic 
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ellipsometry during the growth was used to calculate GPCs. The GPC obtained 

with the optimized recipe was ~0.15 Å. Thin film samples in this study shown 

lower refractive index than that of bulk materials. When increasing deposition 

temperature within the ALD window (150℃ to 225℃), a rising trend of samples’ 

refractive index is obtained because the structures at high temperature have 

coarser grains and fewer defects. A model based on Knudsen effusion and 

sublimation was introduced to describe the variation of precursor pressures inside 

the ampoule and number of vapor molecules emanating from ampoule during a 

pulse.  

To conclude, the calculated results were consistent with experimental 

observation, proving that it is applicable in ALD studies of composite materials 

using precursors in low vapor conditions. Noteworthy, calculating GPCs of low 

vapor pressure precursors should be conducted after a number of initial cycles 

(~30) have passed so that ampoule vapor pressure has reached the steady state. 

Elongating other pulses that are part of the cycle provides a longer recovery time 

for precursor ampoule pressure, resulting in an improved GPC. 
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Chapter 5 

Plasma Enhanced ALD of Low Yttria 

Concentration YSZ Thin Films with High 

Oxygen Ionic Conductivity 

5.1 Introduction 

As mentioned in chapter 2, lowering the operating temperature of SOFCs 

into IT-SOFCs range has attracted much interest worldwide for benefits of longer 

lifetime, and lower cost with the possibility of using cheaper construction 

materials [1]. One of the major challenges in this IT range is the ohmic loss of 

electrolytes, which makes it critical to increase their ionic conductivity [2]. 

Decreasing the thickness of electrolytes can lead to quicker ion diffusion and 

lower ohmic losses [3], and it is crucial to keep thin electrolytes fully dense to 

minimize reactant cross-over [4] at the same time. As a thin film technique, 

yielding conformal and pinhole-free films, ALD has been considered as a 

promising candidate [5]. 

Plentiful efforts [6-30] using ALD have been made to investigate YSZ, which 

is the most popular zirconia-based electrolyte material in SOFCs for its high ionic 

conductivity, good stability and outstanding compatibility with electrode 

materials [31, 32]. Most of the researchers [7-29] used Y(MeCp)3 as the yttrium 
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precursor and Zr(NMe2)4 as the zirconium precursor. Others used Y(thd)3 [6, 7] 

or Y(EtCp)3 [30] and Cp2ZrCl4 [6], Cp2Zr(CH3)2 [6], Zr(thd)4 [6], or ZrCl4 [7] as 

precursors. In all cases [6-30], the concentrations of yttrium oxide in YSZ were 

controlled by the ratio of yttrium oxide cycles and zirconium oxide cycles in one 

ALD super-cycle. The fact that vapor pressure of yttrium precursors is usually 

very low requires a high temperature condition of the yttrium precursor ampoule 

to provide enough amounts of vapor for reactions. For example, the ampoule 

temperature of the most commonly used one Y(MeCp)3, was set as high as 190℃ 

in many studies [8-16, 23-25]. High temperature introduces a risk of thermal 

decomposition, which causes gas reactions and compromises the film quality. 

The elevated vapor pressure at high temperature increases the waste amount of 

precursors, especially considering the fact that mostly the concentration of 

yttrium oxide needed in YSZ is below 10 mol%. Also, annealing is usually 

needed to eliminate the heterogeneous distribution of yttrium oxide in this 

method of ALD YSZ fabrication.  

In the previous chapter, it has been shown that ALD of yttrium oxide using 

Y(MeCp)3 in a low vapor pressure condition is applicable for the application of 

YSZ electrolyte in SOFCs. In this chapter, a new ALD recipe was introduced. 

The yttrium oxide concentrations in YSZ were manipulated by the pulse width of 

yttrium precursor in one ALD cycle. As a result, yttrium oxide is homogeneously 

distributed in the YSZ thin films.  
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5.2 Experimental 

The concentrations of yttrium oxide in YSZ were controlled by the pulse time 

of yttrium precursor in one ALD cycle, rather than the ratio of zirconium oxide 

and yttrium oxide cycles. The pulsing sequence of ALD cycles used in this study 

is shown in Figure 5.1. First, the vapors of yttrium precursor were introduced by 

short pulses (pulse time of the yttrium precursor, t1), varied from 1s to 20s. After 

the following purge pulse t2 of 15s, 0.1s long of zirconium precursor pulse t3 was 

introduced. Another purge pulse t4 of 10s followed, and then 10s oxygen gas was 

introduced (pulse time of the oxygen plasma, t5) into the reaction chamber 

followed by the ICP plasma ignition. Finally, another purge time (t6) of 10s was 

to remove the by-products and oxygen gas residue. In this way, the pulse length 

of t1 determines the amount of yttrium precursor molecules adsorbed on the 

substrate. The remaining active sites at which could be adsorbed were bonded 

with zirconium precursor with a long enough pulse 0.1s. All the parameters are 

summarized in Table 5.1.  
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Figure 5.1. The pulsing sequence of ALD cycles. 

 

Table 5.1. Parameters setting of ALD YSZ 

t1(s) t2(s) t3(s) t4(s) t5(s) t6(s) 

variable fixed fixed fixed fixed fixed 

1-20 15 0.1 10 10 10 

 

 

With this method, the yttrium oxide is homogeneously distributed in every 

single molecular layer and throughout the thickness of obtained YSZ thin films, 

in contrast to the heterogeneous distribution by the conventional method, as 

shown in Figure 5.2. Therefore, post-annealing is not necessary to homogenize 

the distribution of yttrium oxide. 
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(a)                                          (b) 

Figure 5.2. Structural differences of ALD YSZ films made by (a) conventional 

method and (b) method in this study. 

 

5.3 Results and Discussion 

5.3.1 ALD growth of YSZ 

100 cycles were run in each recipe. Figure 5.3 shows the GPC versus the pulse 

time of yttrium precursor in one ALD super cycle. The GPC of a pure zirconium 

oxide deposition (t1=0) was imposed in the plot as a reference. From the figure a 

pattern can be observed that with increasing yttrium precursor pulse time, the 

GPC decreased from 1.35 Å/cycle to 1.15 Å/cycle. This GPC range is close to 1 

Å/cycle [22] and 1.4 Å/cycle [25, 27] from references, and it is lower than the 2 

Å/cycle GPC in researches [8-12] with an “exposure mode” [12] being used. In 

the investigation of Kim [21], the GPCs when using oxygen as oxidant was 0.6 

Å/cycle. The almost doubled GPC in this research is probably because of the high 

reactivity of plasma. 
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Figure 5.3. The growth per cycle (GPC) when using different yttrium precursor 

pulse in one ALD cycle. 

 

To understand the pattern in Figure 5.3, an explanation can be made. Although 

ALD is a self-limiting surface growth technique, in practical after each precursor 

pulse the active sites on substrates are not completely covered due to the steric 

hindrance. In this study, after the first pulse of yttrium precursor, some active 

sites on the surface were occupied, leaving a limited number of sites to the 

following pulse of zirconium precursor. The number of remaining adsorption 

sites decreased with elongating yttrium precursor pulse time, leading to a lower 

GPC owing to the fact that yttrium precursor has a bigger molecular size than that 
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of zirconium precursor. A density functional theory (DFT) calculation of 

Zr(NMe2)4 and Y(MeCp)3 geometry optimization was conducted with Vienna Ab 

initio Simulation Package (VASP). In this optimization, the density functional 

with DFT exchange-correlation GGA-PBA was used. The integration scheme 

was Methfessel-Paxton smearing with width of smearing 0.2eV as default. A 

conjugate-gradient algorithm is used to relax the ions. Plane cutoffs for 

Zr(NMe2)4 and Y(MeCp)3 calculations were 400 eV and 500 eV, respectively. 

The results showed greatest distances of yttrium and zirconium atoms to carbon 

atoms are 0.4 nm and 0.3 nm, respectively, indicating that Y(MeCp)3 has a larger 

molecular size than Zr(NMe2)4.  

 

5.3.2 Compositional analysis and ionic conductivity of YSZ 

The conductivities of ALD YSZ thin films with different yttrium precursor 

pulse time at 400℃, 500℃, and 600℃ are shown in Figure 5.4. A commercial 

bulk 8YSZ sample from FCM (Fuelcellmaterials.com) was tested for 

comparison, with a thickness of 0.275±0.025 mm. It can be seen that ALD YSZ 

thin films with yttrium pulse higher than 6s exhibited higher levels of 

conductivity than that of the commercial bulk 8YSZ, and that conductivities in all 

cases increased with rising the temperature. For ALD YSZ thin films, the 

conductivity increased with longer t1, resulting from the fact that longer pulses 

leading to higher concentrations of yttrium oxide in the YSZ thin films. When t1 
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was at 15s, the conductivity reached the maximum. Beyond that, the conductivity 

of 20s t1 dropped slightly. 

 

Figure 5.4. Ionic conductivity of samples with different yttrium precursor pulse 

time and commercial bulk 8YSZ at 400℃, 500℃, and 600℃. 

 

It can be seen from Figure 5.5 that the concentrations of yttrium oxide in YSZ 

increased with longer t1 as expected. Yttrium oxide concentration of the 15s t1 

sample was 1.6 mol%, instead of the commonly accepted 8 mol% or 10 mol% for 

ALD YSZ [9].  In the study of Son [9], 10YSZ shows the highest conductivity as 

a result of the inhomogeneous distribution of yttrium oxide in the vertical 

direction of ALD YSZ films, rather than the homogenous doping of bulk YSZ or 

the YSZ thin films in this study. Ramamoorthy [33] found 3YSZ showed the 

highest ionic conductivity, attributing it to the effect of grain size. The conclusion 
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Ramamoorthy [33] made is that the concentration of yttrium oxide in YSZ for 

coarse-grained YSZ is 8YSZ and for nanocrystalline YSZ is 3YSZ due to the fact 

that grain boundary effect is dominant in nanocrystalline YSZ. YSZ thin films 

obtained in this study were determined to be nanocrystalline from the AFM 

results in section 5.3C.  

 

Figure 5.5 Yttrium oxide concentrations in YSZ obtained from different yttrium 

precursor pulse width. 

 

Peters [34] made an explanation about why YSZ with 8 mol% yttrium oxide 

shows the highest ionic conductivity for bulk YSZ. When the concentration of 

Y2O3 is lower than 8 mol%, more oxygen vacancies are created with increasing 

the concentration of Y2O3, which is also the conduction mechanism of YSZ. 

When increasing the Y2O3 concentration above 8 mol%, the strong Coulombic 
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interactions among oxygen vacancies act as a barrier for oxygen ionic conduction, 

leading to a lower conductivity.   

When the grain size goes down to nano-scale, however, the true size effect 

[35] plays an important role in ionic conductivity of YSZ. The core-space charge 

layer model [35] was introduced to illustrate the true size effect. According to the 

model, a grain boundary consists of a grain boundary core and two adjacent 

SCLs. In the cases that the grain boundary cores are negatively charged, the 

density of oxygen vacancy increases in SCLs. When the thickness of SCL is high 

and comparable to the grain size, the ionic conductivity would be improved 

significantly. According to the definition of Debye length and its correlation with 

SCL, we can have the following equation of SCL thickness (λ) [36],  

λ = √
2𝜀𝑟𝜀0∆𝜑(0)

𝑛𝑒
                                                   (5.1) 

where 𝜀𝑟 is the dielectric constant, 𝜀0 is the permittivity of free space, ∆𝜑(0) 

is the grain-boundary space-charge potential, n is the concentration of mobile 

oxygen vacancies, and e is the elementary charge. From the equation (5.1) it can 

be observed that SCL width is dependent on the dielectric constant of YSZ thin 

films, ultimately dependent on yttrium dopant level. Fabbri [37] found that 

thicker SCLs can be achieved when the electrolyte materials are more lightly 

doped. In the case of YSZ, lower yttrium dopant level leads to a lower oxygen 

vacancy concentration n and a denser structure considering the fact that yttrium 
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ions have lower mass and bigger radius than those of zirconium ions. As a result, 

SCL thickness in YSZ decreases with increasing yttrium dopant level. For 

example, SCLs of 8YSZ at 500℃ only exhibited a thickness of 1-4 Å [37]. 

The lattice mismatch between YSZ thin films and substrates is able to affect 

the conductivity as well. For a small mismatch, the strain deriving from the 

lattice constants difference is completely compensated by local elastic strain, 

forming a coherent interface; while for a large mismatch, it is partially or fully 

released by the formation of dislocations, generating an incoherent interface [37]. 

Kosacki [38] deposited YSZ on MgO substrates and a significant enhancement in 

ionic conductivity was observed. The improvement was ascribed to the mismatch 

between YSZ and MgO. Janek [39, 40] developed a model to represent the 

conductivity enhancement in an ionic conductor/insulating substrate system. 

There is a linear dependence of the logarithm of the interfacial conductivity on 

the lattice misfit, as followed 

𝑙𝑛
𝜎𝑖𝑛𝑡

𝜎𝑏𝑢𝑙𝑘
~∆𝑉𝑉

𝑀𝑓12                                          (5.2) 

where σint/σbulk is the ionic conductivity ratio between the interface area and 

bulk materials, ∆𝑉𝑉
𝑀 is the volume of migration for the oxygen vacancies, and 𝑓12 

is the lattice mismatch between the ionic conductor and the insulating substrate. 

The value of ∆𝑉𝑉
𝑀  depends on the local deformation of the lattice during the 

conduction process. In the case of oxygen ionic conduction in YSZ, it is always 
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positive. Therefore, only when the conductor is under tensile strain, which means 

it is showing an appreciably smaller lattice constant than that of the substrate 

(𝑓12>0), an improved ionic conductivity can be obtained [41]. However, YSZ can 

be closely matched in the lattice constant to Si(100) substrates [42]. The lattice 

constants [43, 44] of Si(100) substrates and YSZ are 5.43 Å and 5.14 Å, 

respectively. Although Putkoneon [6] found the lattice constant of ALD YSZ thin 

films is different from that of bulk YSZ, in the range from 5.09 Å to 5.28 Å, it is 

still well matching the lattice constant of Si(100) substrates, with a mismatch 

from 2.76% to 6.26%. Therefore, in this study the lattice mismatch between ALD 

YSZ and substrates only plays a negligibly minor role in the conductivity 

enhancement. 

Based on the discussion above, a possible explanation of YSZ with 1.6 mol% 

yttrium oxide exhibiting the highest ionic conductivity can be made. When 

yttrium oxide concentration was lower than 1.6 mol%, on one hand, the oxygen 

vacancies produced by introducing yttrium oxides was limited. Therefore, even 

though the SCLs in the true size effect are wide the conductivity decreased. On 

the other hand, when yttrium oxide concentration was higher than 1.6 mol%, 

more oxygen vacancies were introduced by dopant Y2O3. However, the SCLs 

width in the true size effect reduced to some extent at the same time, and 

consequently the improvement true size effect became weak. As a result, a low 

conductivity was observed.  
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Figure 5.6 is the Arrhenius plot of measured ionic conductivity, and the data 

of 8YSZ in literature were superimposed as references. It can be seen that the 

performance of samples in this thesis is better than most of the 8YSZ samples in 

references. From Figure 5.6 the activation energies of oxygen ionic conduction in 

each case can be obtained, as summarized in Table 5.2. The activation energies of 

all ALD YSZ thin films are about 1 eV, lower than that of the commercial bulk 

8YSZ. Son [9] obtained high activation energies from ALD YSZ thin films, in 

the range from 1.1 eV to 1.26 eV. Son [9] ascribed it to the inhomogeneous 

doping of yttrium oxide resulting from the characteristics of ALD process. The 

ALD recipe used in this study yielded homogeneously distributed dopants, and it 

is possibly responsible for the low level of activation energies.  

Activation energies of YSZ electrolytes mentioned in literature [12, 45, 46] 

are smaller than 1.0eV, usually in the range from 0.8eV to 0.9eV due to the high 

characterization temperature. For example, in a study of Zhang [47], the 

activation energies of 8YSZ gained at 600 ℃ to 700 ℃ and 700 ℃ to 1000 ℃ 

were 1.14 eV and 0.85 eV, respectively. Kosacki [38] claimed that when ionic 

conductivity test is being conducted at high temperature levels (above 650℃), the 

activation energy of oxygen ionic conduction in YSZ is lower than 1.0 eV, 

typically 0.9 eV. When the characterization temperature is at low levels (below 

650℃), activation energies are commonly higher than 1.0 eV. According to 

Kosacki [38] and Ramamoorthy [33], the increase in activation energy at lower 
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temperatures due to the formation of vacancy clusters and defects association in 

YSZ at test temperatures.  

 

Figure 5.6. Arrhenius plot of the measured ionic conductivity of ALD YSZ 

samples with different yttrium precursor pulse time in comparison with the 

commercial bulk 8YSZ and reference data [9, 17, 20, 21, 47]. 

 

 

Table 5.2. Summary of activation energies of oxygen ionic conductance.  

tY=1s tY=3s tY=6s tY=10s tY=15s tY=20s Commercial 

8YSZ 

0.99eV 1.00eV 0.99eV 1.01eV 0.98eV 1.01eV 1.28eV 
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5.3.3 Optical properties of YSZ thin films 

The dispersion functions of substrate Si(100) and native oxide were loaded 

from the library of the software CompleteEASE. The n(λ) functions of YSZ thin 

films were approximated by Cauchy’s polynomials, described in equation (4.4). 

The dispersion n(λ) functions of samples with thickness of 12.5±0.5 nm are 

shown in Figure 5.7. The refractive indices of bulk 12YSZ [48], 3YSZ and 8YSZ 

thin films [49] at 600 nm are superimposed for comparison.  

 

Figure 5.7. Ellipsometry measured refractive index as a function of the 

wavelength λ and values at 600 nm wavelength. 

 

From Figure 5.7 it can be seen that the refractive indices of YSZ thin film 

samples are similar to bulk 12YSZ [48] and 8YSZ thin film [49], slightly lower 
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than that of 3YSZ thin film [49]. It proves that the oxygen vacancy 

concentrations in these ALD YSZ thin films are comparable with those of bulk 

12YSZ and 8YSZ thin film. This finding supports the samples’ outstanding 

electrical properties described in section 5.3C. In literature [49-51], a decreasing 

trend of YSZ thin films’ refractive index with higher concentrations of yttrium 

oxide was observed. Xiao [49] explained on the one hand, yttrium ions have 

lower mass and bigger radius than those of zirconium ions; on the other hand, 

yttrium ions introduce vacancies due to the valence states difference between 

yttrium and zirconium ions. However, from Figure 5.7 it can be seen that the 

correlation between Y2O3 concentrations in YSZ thin films and their refractive 

indices is not obvious. The possible explanation is that there is an effect of 

dislocations and other crystalline defects in samples on the refractive index.  

 

5.3.4 Microstructural and crystallinity characterization 

XRD measurement was conducted for both as-deposited and annealed ALD 

YSZ thin film with 15s t1, and the results are shown below in Figure 5.8. For the 

as-deposited film, no noticeable peak was detected. After annealing, 

characteristic peaks of YSZ can be seen clearly. In section 5.3B, it has been 

observed that as-deposited YSZ thin films exhibited high ionic conductivities. 

Therefore, in order to understand the crystalline structure of samples under 

electrical measurement condition, the XRD pattern of the as-deposited sample 
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after electrical test was added in Figure 5.8. Clear characteristic peaks were 

detected, proving that the ALD-YSZ thin films are crystalline during the 

electrical measurement. 

In some studies [12, 24, 26], as-deposited ALD YSZ thin films were already 

crystalline without any annealing treatment probably because the high deposition 

temperature. However, it is possible as-deposited samples are crystalline, and no 

obvious peak presence is because of the weak signals being obtained from low 

thickness samples. It is supported by the observation of Lin [52] that a significant 

decrease of XRD peak heights was observed when lowering the sample 

thickness. In the study of Putkonen [6], the peaks of (111), (220) and (311) were 

observed only after the thickness of YSZ thin films increased to a certain level.  

According to Miikkulainen [53], there is a threshold thickness for ALD to 

form crystalline ZrO2. In Miikkulainen’s review, the threshold thickness for 

zirconia is a function of temperature, as shown in Figure 5.9. The substrate 

temperature in this study was 150℃, and the thickness of XRD tested crystalline 

sample was 14.7 nm. It can be seen that the condition point (150℃, 14.7 nm) is 

lower than the threshold thickness to form crystalline. However, varying 

precursor and substrate materials would yield different threshold thickness. In the 

same review paper of Miikkulainen [53], it has been mentioned that the threshold 

value is different when ZrI4 was used as the precursor material instead of ZrCl4. 

Kukli [54] attributed the variation to the differences of chemical mechanism of 
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the crystal growth, kinetics of the phase formation, effect of grain size, and 

mobility of surface species affecting the nucleation density. Also, the 

introduction of yttrium oxide dopant would affect the threshold values.  

 

 

Figure 5.8. XRD patterns of as-deposited and annealed ALD YSZ thin films. 

 

 

 

Figure 5.9. The threshold thickness to form ALD ZrO2 crystallites as a function 

of temperature [53].  
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The peaks in Figure 5.8 matched the standard pattern of tetragonal phase 

(PDF#48-0224), proving the existence of tetragonal phase. However, all the 

peaks of zirconia cubic diffraction pattern exist in the tetragonal phase diffraction 

pattern. Therefore, it might be misleading to identify the phase is pure tetragonal 

according to Figure 5.8. It is noteworthy that the peak at ~30° of the after test as-

deposited sample was shifted to higher angles compared with that of the annealed 

sample. It is probably because lattice parameter difference between tetragonal 

and cubic phase. The lattice parameter of cubic phase is ~0.517 nm; while the 

lattice parameters of tetragonal phase are a = 0.361 nm & c = 0.517 nm. There is 

less cubic phase in the after test as-deposited sample so that it has a low d-

spacing and consequently a shift to higher angles was observed. According to the 

ZrO2-Y2O3 phase diagram [34] Figure 2.2(b), the corresponding phase of 1.6 

mol%Y2O3 YSZ at room temperature is pure monoclinic phase. Miikkulainen 

[53] observed the dependence of phase existence on thickness as a result of 

energy level variation of ALD thin film materials, which brings a possibility that 

the phase diagram Figure 2.2(b) might not be applicable for YSZ thin films. 

More crystallinity studies are needed to investigate this topic. 

AFM results for both as-deposited and annealed ALD YSZ thin films with 15s 

t1 are shown in Figure 5.10. For comparison, the height scale for both samples 

was fixed. In Figure 5.10 (a), the surface of as-deposited sample is very smooth 

with a RMS roughness of 0.289 nm, which has been commonly observed since 
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ALD produces uniform and homogeneous thin films resulting from its self-

limiting nature. In the AFM analysis of Shim [12] and Kim [21], at 250℃ 

deposition temperature with water as the oxidant, as-deposited ALD YSZ thin 

films showed much higher RMS roughness of 1.5 nm [12] and 1.79 nm [21], 

respectively. In another investigation of Paek [26], 0.5 nm RMS roughness of as-

deposited ALD YSZ was obtained with O2 as the oxidant at 250℃ deposition 

temperature. The variations of oxidant and deposition temperature are possibly 

responsible for the roughness difference. According to Putkonen [6], the film 

thickness is also a factor affecting the roughness of ALD YSZ thin films, which 

has been investigated in a later section of this chapter.  

For bulk materials generally, roughness decreases after annealing. However, 

for thin film materials, the effect of annealing on surface roughness is complex, 

varying on a case by case basis. In this study, the surface of ALD YSZ thin film 

was much rougher after annealing, with a RMS roughness of 2.2 nm, as shown in 

Figure 5.10 (b). Raoufi [55] observed the same effect of annealing on indium tin 

oxide thin film roughness and suspected that this behavior is due to the native 

grains aggregation into larger clusters upon annealing. 
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Figure 5.10. AFM topographical 3D images and tapping phase patterns of the as-

deposited sample (a), (c), and of the annealed sample (b), (d). 

 

No clear grain boundaries can be observed in the as-deposited sample in this 

study, as shown in Figure 5.10 (c). After annealing clear grain boundaries were 

observed. As mentioned in section 3.4.5, the average grain size was measured by 

the classical line intersection method, obtaining 45.9±1.8 nm. However, in the 

AFM analysis of Shim [12] and Kim [21], as-deposited ALD YSZ thin films 

showed nanometer sized grains with well-defined grain boundaries, and high 

(a)                                                           (b) 

(c)                                                            (d) 
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temperature annealing did not change the size and shape of grains of ALD YSZ 

thin films significantly. The possible reason is the thickness difference of ALD 

YSZ films. The thickness of ALD YSZ films in the work of Shim [12] varied 

from 60 nm to 140 nm, while in this study it is only 14.7 nm. In the research of Ji 

[27], the average grain sizes for PEALD-YSZ with the thicknesses of 35 nm, 70 

nm, 140 nm, and 210 nm are 20 nm, 34 nm, 41 nm, 52 nm, respectively. If the 

dependence of grain size on thickness in this study followed the trend, the grain 

size of 14.7 nm thick YSZ thin film would be too small (<10 nm) to be perceived 

from the AFM images. Therefore, the thickness possibly plays a significant role 

in the microstructural change. Its effect will be discussed in the later section. 

Besides, the difference in recipes is probably responsible for this variation to 

some extent.  

 

5.3.5 Effect of YSZ thickness & annealing on conductivity 

It is commonly accepted that according to the definition of conductance, a 

change in thickness of electrolyte materials only affects conductance of 

electrolyte materials, not their conductivities. However, it has been found by 

some researchers [17, 38, 56] that high conductivities were achieved by reducing 

the thickness of YSZ thin films. This effect is still controversial in literature. 

Gilardi [56] found that the conductivity was improved by 26.4% when decreasing 

the thickness from 300 nm to 70 nm. Huang [17] fabricated YSZ thin films with 
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thickness from 8 nm to 55 nm and found that thinner YSZ exhibited higher ionic 

conductivities. A substantial increase was observed when thickness was lower 

than 11 nm. Kosachi [38] observed a similar enhancing effect of lowering YSZ 

thin film thickness on conductivity, with a broader thickness range from 15 nm to 

2 μm. The unique finding of Kosachi [38] was that the enhancing effect only 

happened when thin YSZ films thickness was lower 60 nm. Both Huang [17] and 

Kosachi [38] attributed the exceptionally high ionic conductivity to the fact that 

surface/interface conductivity becomes more dominant upon decreasing YSZ thin 

film thickness.  

In this study, samples of 30 cycles, 60 cycles, 100cycles, 200 cycles, and 300 

cycles using the recipe with t1=15s in Section 5.3A were fabricated to study the 

effect of thickness. Table 5.3 shows the thickness of different samples obtained 

from ellipsometric measurements, and Figure 5.11 is the electrical test results of 

both as-deposited and annealed samples. In Gilardi’s work [56], YSZ thin films 

with thickness lower than 70 nm were not considered, otherwise the conductance 

could become comparable to that of the bare substrate. Therefore, the 

conductivity should be very low in our study since Si(100) is insulative to oxygen 

ionic conduction. However, all samples showed good conduction properties. It 

can be explained by Elam [57]’s view that the challenge of YSZ thin films (< 10 

nm) is to produce a homogeneous and leak free layer, which is an accomplishable 

feature of ALD thin films. 
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Table 5.3. Samples thickness with different numbers of cycles.  

30 cycles 60 cycles 100 cycles 200 cycles 300 cycles 

4.5 nm 8.5 nm 14.7 nm 28.4 nm 42.7 nm 

  

From Figure 5.11 it can be seen that there is a dependence of ionic 

conductivity on thickness. At all measurement temperatures, thinner YSZ thin 

film samples performed better than thicker ones. Since the lattice mismatch 

between YSZ and Si(100) substrate is very small as mentioned above, it is 

speculated that microstructure differences of samples resulting from the different 

number of ALD cycles is responsible. It is noteworthy that the conductivities 

decreased after annealing in all cases. Table 5.4 gives the activation energies of 

oxygen ionic conductance obtained from the Arrhenius plots. For as-deposited 

samples, when number of cycles is lower than 100, the activation energies were 

from 0.96 eV to 0.99 eV; while it became 1.03 eV for samples with 200 and 300 

cycles. Annealing increased the activation energies for all samples. A detailed 

discussion will be conducted later in AFM and XRD results. 
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Figure 5.11. Arrhenius plot of the measured ionic conductivity of as-deposited 

and annealed samples with different numbers of cycle at 400℃, 500℃, and 

600℃. 

 

Table 5.4. Summary of activation energies of oxygen ionic conductance.  

# of cycles 30  60  100  200  300  

Actvation 

energy 

As-dep. 0.96eV 0.99eV 0.98eV 1.03eV 1.03eV 

Annealed 1.09eV 1.07eV 1.05eV 1.07eV 1.05eV 

 

XRD and AFM investigations were performed in order to study the effect of 

thickness on crystallinity and microstructure. Figure 5.12 shows the XRD results 

for both as-deposited (a) and annealed (b) samples.  
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Figure 5.12 XRD patterns of ALD YSZ thin films as-deposited(a) and 

annealed(b) samples. 

 

 

It can be observed that for as-deposited samples, no peaks were observed in 

the results when thickness was lower than 28.4 nm. After annealing, these 

samples exhibited peaks, indicating higher degree of crystallinity. Peaks at ~63° 

and ~75° appeared only when the thickness reached 42.7 nm for as-deposited 

samples. The 42.7 nm sample showed less peaks after annealing, in which the 

major peaks match the cubic phase pattern, probably because more cubic phase 

are generated after annealing. On the contrary, for other samples more peaks 

appeared after annealing. Furthermore, it is noteworthy that there was a weak 

(a) 

(b) 
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peak at ~32° for as-deposited 200-cycle sample. The intensity was weak and 

comparable to the noise’s intensity in the raw data. It could either be the (111) 

peak from monoclinic phase or merely a noise. 

Table 5.5 shows the grain size and roughness values of both as-deposited and 

annealed samples obtained from AFM tests. As illustrated in section 5.3D, both 

grain size and roughness of all samples became higher after annealing. It is 

noteworthy that roughness increased with increasing the number of ALD cycles, 

which is accordant with the observation in Putkonen’s work [58, 59]. An 

explanation was made by Putkonen’s work [58, 59] that higher crystallinity was 

obtained with a longer deposition cycles, leading to a rougher surface.  

Besides, it can be seen that larger average grain size was achieved with 

increasing the thickness for both as-deposited and annealed samples, resulting 

from grain growth in a longer deposition time. In an investigation of Ji [27], 

average grain sizes of 20 nm, 34 nm, 41 nm, 52 nm PEALD-YSZ as-deposited 

thin films were attained for samples with the thicknesses of 35 nm, 70 nm, 140 

nm, and 210 nm, respectively. Also, it is well known that a noticeable increase in 

grain size can be observed after annealing due to the grain growth. 
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Table 5.5. Summary of grain size and roughness for as-deposited and annealed samples.  

# of cycles 30 60 100 200 300 

Grain    

size (nm) 

As-dep. - - - 24.8±0.6 35.0±0.7 

Annealed 66.5±2.8 54.8±1.6 45.9±1.8 50.7±1.7 48.4±2.2 

RMS 

roughness 

(nm) 

As-dep. 0.25 0.47 0.51 0.78 1.86 

Annealed 3.77 2.40 2.07 2.32 2.53 

 

According to the results from XRD and AFM tests, a plausible explanation of 

conductivity dependence on thickness can be made as follows. Higher thickness 

was determined by larger number of ALD cycles, which was associated with 

longer processing time. According to the theory of annealing, increase in either 

annealing temperature or time will produce coarser grains. Although the 

processing temperature of ALD was as low as 150℃, larger number of ALD 

cycles still requires a considerably longer time to complete the process due to the 

low growth rate of ALD technique. As a result, the average grain size of samples 

increased with higher thickness, as shown in Table 5.5. Consequently, 

conductivity improvement from true size effect [35] was weakened according to 

the description in section 5.3B, leading to lower levels of conductivity.  

The effect of annealing is similar, coarsening grains in YSZ thin film samples. 

Therefore, poorer conductivities and higher activation energy barriers are 

obtained. It can be seen from Table 5.5 that, the grain coarsening effect of 
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annealing on as-deposited samples with higher thickness and larger grain size is 

less severe. For example, for 4.5 nm thick sample, the grain size became 66.5 nm 

from a size lower than 10 nm; while for 42.7 nm thick one, the grain size only 

increased from 35 nm to 48.4 nm. It is supported by the finding of Shim [12] that 

high temperature annealing hardly changed the grain size of YSZ thin films. 

Annealing is able to increase crystallinity degree and homogenizing the 

distribution of yttrium oxide in YSZ. However, during electrical test our as-

deposited samples are crystalline and homogeneous already. Therefore, annealing 

is harmful to conductivity of YSZ thin films in this study. 

 

5.4 Conclusions 

In summary, YSZ thin films with low yttrium oxide concentrations were 

fabricated on Si(100) substrates by ALD. Using this ALD recipe, yttrium oxide 

was homogeneously distributed in YSZ thin films. No annealing is needed to 

homogenize the distribution of yttrium oxide. The GPC obtained from 

ellipsometric measurement was from 1.15 Å/cycle to 1.35 Å/cycle, close to the 

values in literature. Most of the samples exhibited higher ionic conductivity than 

that of bulk 8YSZ sample. Activation energies were from 0.98 eV to 1.01 eV, 

lower than most ALD samples in references. The one showing highest 

conductivity was 1.6YSZ rather than the well-known 8YSZ, with a conductivity 
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of 0.2 S/cm at 600℃. The strong true size effect with wide SCLs is speculated to 

be responsible for this change. All samples showed high refractive indices, 

confirming that these thin films have excellent quality. XRD results proved that 

YSZ thin films are crystalline although no noticeable peaks were found in thin 

as-deposited samples. However, it might be misleading to claim they are cubic 

phase or tetragonal phase because of the high similarity of the XRD patterns of 

these two. AFM results showed the 1.6YSZ thin film had a very smooth surface 

with a RMS roughness of 0.29 nm. Furthermore, the effects of thickness and 

annealing on conductivity were investigated. It was found that the increase in 

thickness requires more number of ALD cycles, leading to a larger average grain 

size. Annealing coarsens grains in a very unique way that the larger grain size of 

the as-deposited sample is, the smaller increase in grain size of annealed sample 

is. Since both increasing thickness and annealing yield larger grain size, the 

conductivity became lower due to weaker true size effect. Therefore, with this 

ALD method annealing should be avoided if possible to maintain the high 

conductivity resulting from the true size effect. 
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Chapter 6 

Effect of PEALD recipe on the performance of 

YSZ thin films 

6.1 Introduction 

Thin film YSZ has attracted much attention as an electrolyte material for IT-

SOFCs [1-5], and ALD has been considered a promising technique to fabricate 

conformal and pinhole-free YSZ thin films [6]. In chapter 5, PEALD of YSZ thin 

films were shown to have good film quality and outstanding electrical properties. 

In the literature papers [7-32] on the ALD of YSZ thin films, the vast majority 

of them [8-31] used AOBO (YOZO or ZOYO) type ALD recipes, in which an 

ALD super-cycle consisting of both Y2O3 and ZrO2 ALD cycles was used. The 

concentrations of yttrium oxide in YSZ were manipulated by the ratio of the 

number of yttrium oxide ALD cycles to zirconium oxide ALD cycles in one ALD 

super-cycle. Putkonen [7], Son [8], and Chao [9,10] have demonstrated detailed 

analytical relationships between this ratio and yttrium oxide concentrations. The 

ampoule temperature was set as high as 190℃ in references [8, 9, 13-17, 25-27], 

in order to provide enough precursor molecules for ALD reactions. In chapter 5, 

an ABO type PEALD recipe was utilized to fabricate YSZ thin films, taking 

advantage of the low vapor pressure of the yttrium precursor Y(MeCp)3, with 
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outstanding electrical properties. Benefits include no gas phase reactions at high 

temperatures compromising film quality and no need of post-annealing to 

eliminate the heterogeneous distribution of yttrium oxide in YSZ thin films. 

In this chapter, four different ALD recipes (YOZO, ZOYO, YZO, ZYO) with 

various precursor pulse sequences were conducted for YSZ thin films fabrication. 

The effect of the recipe variation on the ALD YSZ thin film properties was 

investigated. 

 

6.2 Experimental 

The precursor pulse sequence and pulse widths utilized in this study are shown 

below in Figure 6.1. The ZOYO and YOZO type recipes are commonly used in 

literature, in which one ALD super-cycle consists of one ZrO2 ALD cycle and 

one Y2O3 ALD cycle. The only difference between YOZO and ZOYO is the first 

ALD cycle, starting with ZrO2 ALD cycle in the case of ZOYO and with Y2O3 

ALD cycle in the case of YOZO. The ZYO and YZO recipes were developed in 

our group, in which both zirconium and yttrium precursor were pulsed into the 

reaction chamber one following the other (zirconium/yttrium precursor pulse 

began first in ZYO/YZO recipe) before introducing oxygen plasma in one ALD 

cycle. In this method, the yttrium oxide is homogeneously distributed in every 

molecular layer of YSZ thin films according to the ALD reaction mechanism. 
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Two hundred ALD cycles depositions were performed with each recipe, and after 

the deposition measurements were conducted to characterize the ALD YSZ thin 

films. Electrical evaluation of a commercial bulk 8YSZ sample with a thickness 

in the range from 0.25mm to 0.3mm from FCM (Fuelcellmaterials.com) was 

conducted for comparison. 

 
(a) ZOYO recipe 

 
(b) YOZO recipe 
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(c) ZYO recipe 

 
(d) YZO recipe 

Figure 6.1.  Details of the four ALD recipes used. 

 

A J. A. Woollam M2000DI  dynamic in-situ spectroscopic ellipsometer was 

used to optically characterize the thickness of ALD YSZ thin films and their 

refractive index (n(λ)) functions were approximated by Cauchy’s polynomials, as 
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illustrated in chapter 3.  Annealing was conducted post deposition on some of the 

samples at 1000℃ for 2 hours to investigate the stability of the thin films. 

 

6.3 Results and Discussion 

6.3.1 ALD growth and optical properties 

The GPC for each ALD recipe is shown in Figure 6.2. The pure zirconium 

oxide deposition GPC was superimposed on the plot as a reference. ZYO shows 

the highest GPC, slightly higher than that of pure zirconium oxide. This can be 

explained by the mechanism of ALD reactions [33]. Before introducing the 

Y(MeCp)3 pulse, the size of the Zr(NMe2)4 chemisorbed molecules decreased 

because of ligand exchange, dissociation or association in the chemical 

adsorption process, exposing some reactions that were blocked by steric 

hindrance.  This permits the adsorption of Y(MeCp)3 molecules and additional 

yttrium oxide growth occurred in the recipe ZYO during each ALD cycle, 

yielding a higher GPC than that of pure zirconium oxide. Recipe YZO had a 

lower GPC than that of pure zirconium oxide due to the molecular size difference 

of Y(MeCp)3 and Zr(NMe2)4 (detailed information can be found in the previous 

chapter). It is noteworthy that YOZO and ZOYO recipes exhibited similar GPC 

which is slightly lower than pure zirconium oxide GPC. A plausible explanation 

for this is that the growth mechanism of both zirconium oxide and yttrium oxide 
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is substrate-inhibited growth [33], in which materials favor growth on 

themselves. It is in agreement with the findings of Shim’s work [16] that the GPC 

of YSZ is lower than that of either yttrium oxide or zirconium oxide. 

 

Figure 6.2. GPCs obtained with the four recipes being used. 

 

Refractive indices of ALD thin films at 550 nm were obtained from 

ellipsometric data and is summarized in Table 6.1. The YZO sample showed the 

lowest refractive index, very close to that of pure zirconium oxide while the 

highest refractive index was obtained for recipe YOZO. However, refractive 

indices of all samples are relatively high and very close to those of bulk YSZ 

(2.2), and the variation among them is not significant. Electron beam evaporated 

YSZ thin films in Xiao’s work [34] only exhibited refractive indices (550nm) of 

1.86 to 1.94. This indicates that ALD is a suitable fabrication technique 

producing dense SOFC electrolyte thin films. 
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Table 6.1. Summary of refractive indices of thin film samples at 550 nm.  

ALD Recipe Pure ZrO2 YZO ZYO  YOZO ZOYO 

Refractive index 2.139 2.134 2.153 2.165 2.153 

 

6.3.2 Compositional analysis and ionic conductivity 

The yttrium oxide concentrations in each YSZ thin film sample are shown in 

Figure 6.3. Sample YZO has a higher yttrium oxide concentration than that of 

ZYO. From Figure 6.1 we know that the only difference between ZYO and YZO 

is the sequence of Y(MeCp)3 and Zr(NMe2)4 pulses during the ALD cycle. This 

variation of yttrium oxide concentration in ZYO and YZO can be explained by 

considering that the first pulse of Zr(NMe2)4 in the ZYO recipe occupied more 

active sites on the substrate surface, leaving a lower number of active sites for the 

following Y(MeCp)3 pulse. On the contrary, Y(MeCp)3 adsorption consumed a 

number of active sites in YZO recipe. As a result, ZYO thin films were lightly 

doped. The concentrations of yttrium oxide of sample YOZO and ZOYO are 

close, higher than that of YZO and ZYO. Considering the discussions (in section 

6.3A) that both zirconium oxide and yttrium oxide were substrate-inhibited 

growth in these two recipes, we can conclude that the growth of zirconium oxide 

was more inhibited than that of yttrium oxide. 
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Figure 6.3. The yttrium oxide concentration for different ALD recipes. 

 

The conductivities of each sample were conducted at 400℃, 500℃, and 

600℃. Results are shown in Figure 6.4. It can be seen that all samples performed 

better than the commercial 8YSZ at all test temperatures. The conductivities of 

YOZO and ZOYO were very close regardless of the test temperature or heat 

treatment history. However, conductivities of YZO and ZYO were different in all 

conditions due to the yttrium concentration difference. This shows that the 

sequence of ZO and YO in the ALD super-cycle does not affect the electrical 

properties of YSZ thin films with AOBO recipe type; while the effect of pulse 

sequence (zirconium or yttrium precursor being introduced first) in ABO recipe 

type is significant.  
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Figure 6.4. Ionic conductivities of both as-deposited and annealed YSZ thin films 

with different ALD recipes and commercial bulk 8YSZ at 400℃ (a), 500℃ (b), 

and 600℃ (c). 

 

(a) 

(b) 

(c) 
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It is noteworthy that the YZO sample showed the highest ionic conductivity 

among as-deposited samples at all test temperatures. However, it is not the case 

for annealed samples. After annealing, conductivities of YOZO and ZOYO 

increased and became the highest; while ZYO and YZO samples showed reduced 

conductivities. It can be explained by the finding in Son‘s work [8] that the 

distribution of yttrium oxide in as-deposited ZOYO or YOZO samples is 

inhomogeneous. Therefore, annealing homogenized the yttrium oxide 

distribution, leading to higher conductivities. On the contrary, the yttrium oxide 

distribution in as-deposited YZO or ZYO is homogeneous. The effect of 

annealing on YZO and ZYO thin films would be merely grain growth. As a 

result, as discussed in a previous chapter, as the grain size increased and the true 

size effect became weaker, and consequently the conductivity decreased.  

In addition, at 400℃, as-deposited ZYO showed a higher conductivity than 

that of YOZO or ZOYO. When the test temperature increased from 500℃ to 

600℃, the conductivities of as-deposited ZYO became lower than that of YOZO 

and ZOYO. During testing the YOZO and ZOYO thin films were annealed and 

the yttrium oxide was partially homogenized.  This is shown by the fact that the 

increase of ionic conductivity of YOZO and ZOYO after annealing was less 

when the test temperature is at 500℃ and 600℃ than at 400℃.  An Arrhenius 

plot of the measured ionic conductivities is shown in Figure 6.5, with data of 

4YSZ and 2YSZ in literature [8, 35] added for comparison. The yttrium oxide 
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concentration in YSZ thin films from Ramamoorthy’s work [35] is very close to 

that of YSZ thin films in this study. It is clear from Figure 6.5 that the 

performance of our YSZ thin films is better regardless of annealing condition. 

4YSZ from Son’s work [8] showed a higher conductivity level when the test 

temperature is higher than 500℃, and its conductivity became lower than that of 

our YSZ thin films at lower test temperatures. This indicates that the 4YSZ in 

Son’s study [8] has a higher activation energy of 1.26 eV.  

 

 

Figure 6.5. Arrhenius plot of the measured ionic conductivities of YSZ thin film 

samples with different ALD recipes in comparison with reference data [8, 35].  

 

The activation energies of YSZ thin films in our study are summarized in 

Table 6.2. The activation energy of 2YSZ in Ramamoorthy’s work [35] is 0.98 
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eV, similar with those of as-deposited YZO and ZYO samples. It can be seen that 

the activation energies of YZO and ZYO samples increased after annealing; 

while those of YOZO and ZOYO sample decreased. After annealing, activation 

energies of all four samples were very close. The variation of activation energies 

indicates that the conduction mechanism changed. This will be discussed more in 

the following sections. 

 

Table 6.2. Summary of activation energies of oxygen ionic conductance.  

 YZO ZYO YOZO ZOYO Commercial 

8YSZ 

As-deposited 

sample 

1.03eV 1.02eV 1.2eV 1.19eV 1.28eV 

Annealed 

sample 

1.07eV 1.06eV 1.08eV 1.09eV - 

 

6.3.3 Microstructural and crystallinity characterization 

X-ray diffraction results are shown in Figure 6.6 for both as-deposited and 

annealed ALD YSZ thin films. All samples exhibited good crystalline diffraction 

patterns. As we discussed in the previous chapter, it is misleading to conclude 

they are cubic phase or tetragonal phase because all the peaks of zirconia cubic 

diffraction pattern exist in the tetragonal phase diffraction pattern. Also, two 

peaks at ~28° and ~32° appeared in some of the XRD patterns, which match 

peaks in the monoclinic phase patter [37]. However, in the raw data the intensity 
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of these two peaks is comparable to the noise’s intensity. They are possibly just 

noise. It is noteworthy that in the annealed YOZO sample, the peak at ~30° 

became very weak, indicating the possible existence of preferred orientation.  

 

 

Figure 6.6 XRD patterns of (a) as-deposited and (b) annealed samples. 

 

The roughness of each sample was obtained from AFM measurements, as 

summarized in Table 6.3. Smooth surfaces were observed for all as-deposited 

samples with roughness <1 nm, which has been widely observed due to ALD’s 

(a) 

(b) 
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self-limiting nature. ALD YSZ thin films in the investigations of Shim [16] and 

Kim [22] exhibited higher RMS roughness of 1.5 nm [16] and 1.79 nm [22], 

respectively. The higher deposition temperature of 250℃ is considered to be 

responsible for this variation. After annealing, roughness in all samples increased 

significantly due to grain growth. 

 

Table 6.3. Roughness and grain size of as-deposited and annealed samples.  

# of cycles YZO ZYO YOZO ZOYO 

 RMS 

roughness 

(nm) 

As-dep. 0.782 0.582 0.592 0.563 

Annealed 2.32 2.58 3.85 2.68 

Grain    

size (nm) 

As-dep. 24.8±0.6 23.8±0.9 15.4±0.4 15.2±0.5 

Annealed 50.7±1.7 50.6±1.7 54.7±2.8 53.5±3.3 

 

Topographical 3D images of as-deposited and annealed YZO and YOZO 

samples are shown in Figure 6.7(a).  In Figure 6.7(b), the tapping phase pattern 

AFM results are shown from which the grain size values were calculated and 

summarized in Table 6.3. As-deposited YZO and ZYO samples had larger grain 

size than that of YOZO and ZOYO samples. A possible explanation for this 

could be that the grain growth in YOZO and ZOYO samples was hindered due to 

the segregation of zirconium oxide and yttrium oxide in YSZ thin films. 

According to Zener grain boundary pinning theory [36], higher boundary 
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energies yield larger pinning pressures. The boundary energies in YOZO and 

ZOYO samples are higher than in YZO and ZYO samples due to heterogeneous 

nucleation in YZO and ZYO samples. Consequently, grain size is smaller in 

YOZO and ZOYO samples. 

It is observed that there is a significant increase in grain size after the 

annealing process. All annealed samples exhibited similar grain size as shown in 

Table 6.3. This occurs due to the annealing homogenization of the yttrium oxide 

distribution. For YZO and ZYO samples, grain size growth diminished the true 

size effect to some extent, leading to higher activation energies. For YOZO and 

ZOYO samples, annealing introduced a homogeneous distribution of yttrium 

oxide in YSZ thin films, and this improving effect is dominant over the negative 

effects of grain growth on the true size effect. Therefore, as noted in section 6.3B, 

YZO and ZYO experienced a decrease in conductivity and an increase in 

activation energy after annealing; while the opposite effect was observed for 

YOZO and ZOYO samples.  
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Figure 6.7. AFM results. (a) Topographical 3D images of as-deposited and 

annealed YZO and YOZO samples; (b) Tapping phase pattern of annealed YOZO 

sample. 

 

 

(a) 

(b) 
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6.4 Conclusions 

YSZ thin films with four different ALD recipes were fabricated and 

evaluated in terms of their microstructure by AFM, crystallinity by XRD, 

refractive indices by ellipsometry, and conductivity from 400℃ to 600℃.  All 

YSZ thin films, regardless of the recipe being used, exhibited a smooth surface, 

dense nano-crystalline structure, and good electrical performance. Recipe YOZO 

and ZOYO produced YSZ thin films without any significant difference. Yttrium 

oxide concentrations in these two samples were higher because the growth of 

zirconium oxide is inhibited when deposited on yttrium oxide. The distribution of 

yttrium oxide in as-deposited samples with the AOBO recipe is inhomogeneous, 

leading to a smaller grain size due to heterogeneous distribution hindered grain 

growth. 

All samples showed outstanding electrical performance, better than the 

reference commercial bulk 8YSZ and some data in the literature. For the AOBO 

recipe samples, annealing is necessary to homogenize the distribution of yttrium 

oxide and achieve a high conductivity. In contrast, annealing decreases the 

conductivity of ABO recipe samples due to the decrease in the true size effect 

resulting from grain growth. The highest conductivity was achieved for 

conductivity tests performed at low temperature on unannealed YZO recipe 

samples. 
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Chapter 7  

Conclusions and Contributions to Knowledge 

• Y2O3 PEALD using low vapor pressure yittria precursors was 

experimentally investigated, and a calculation based on Knudsen 

effusion and sublimation was introduced to describe the variation of 

precursor pressures inside the ampoule. The results showed that low 

vapor pressure precursors (in conventional ampoules) can be used to 

fabricate composite materials with low concentration components. 

• Nano-crystalline YSZ thin films with homogeneously distributed Y2O3 

dopants were successfully made by PEALD with recipe YZO at 

substrate temperature of 150℃. GPCs obtained were from 1.15 

Å/cycle to 1.35 Å/cycle. High refractive indices (2.15 to 2.3 at 550nm) 

confirmed thin films’ optical quality.  

• YZO recipe samples exhibited good electrical performance. YSZ thin 

films with 1.6 mol% Y2O3 showed the highest oxygen ionic 

conductivity (0.2 S/cm at 600℃) with low activation energy (0.98 eV 

obtained from 400℃ to 600℃). The strong true size effect with wide 

space charge layers is considered responsible for this outstanding 

performance. 
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• Higher thickness from longer ALD cycles and processing time 

coarsened the grain size of YSZ thin films, leading to a weakened true 

size effect. Consequently, conductivities of samples reduced with 

increasing film thickness. 

• The effect of ALD recipe setups on the structure and property of YSZ 

composite thin films was investigated. Four groups of recipes (YZO, 

ZYO, YOZO, ZOYO) were considered. All recipes yielded dense 

nano-crystalline structure, showing better performance than the 

commercial bulk 8YSZ reference.  

• YZO and ZYO samples showed different Y2O3 concentrations (1.6 mol% 

and 1.2 mol% for YZO and ZYO, respectively) due to the fact that the 

first pulse in the ALD cycle occupied more available adsorption sites.  

• YOZO and ZOYO samples exhibited similar Y2O3 concentrations 

(~1.6 mol%). The order of ALD cycles of zirconium or yttrium in the 

ALD super-cycle does not affect the adsorption of precursors. 

• After annealing, the ionic conductivity of YZO and ZYO samples 

decreased and that of YOZO and ZOYO samples increased. Annealing 

weakened the true size of YZO and ZYO samples, while it 

homogenized the distribution of Y2O3 in YOZO and ZOYO samples. 

This is supported by the change in the samples’ activation energies 

before and after annealing.  
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Chapter 8  

Future Directions 

In this thesis, a calculation based on Knudsen effusion and sublimation was 

introduced to describe the variation of precursor pressures inside the ampoule. In 

this calculation, the carrier gas Ar was assumed to not affect the effusion of 

precursor molecules. However, the calculated results would be more accurate if 

the effect of carrier gas was considered. In addition, to complete the systematic 

simulation of ALD process, the modeling of mass transfer from ampoule to 

reaction chamber and adsorption of precursor materials on substrates would be of 

interest. 

The concentration of Y2O3 in PEALD YSZ thin films was lower than 2 mol%. 

Although their ionic conductivities and activation energies are better than those 

of many YSZ thin films in literature, a study of higher concentration Y2O3 YSZ 

thin films would clarify if 2YSZ exhibits the highest conductivity for nano-

crystalline YSZ thin films with homogeneously distributed Y2O3.  

We only qualitatively explained the difference of ALD recipe YZO, ZYO, 

YOZO, and ZOYO. A quantitative analysis would be of interest. A calculation 

based on theory of precursor molecules adsorption would illustrate the material 

growth in each recipe thermodynamically and kinetically. 
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In the electrical test, we only measured C-V characteristic of the PEALD YSZ 

thin films on silicon wafer samples at 400℃ to 600℃. Extending the 

measurement temperature to 300℃ or 200℃ can be interesting. Also, 

measurement of a fuel cell operating using electrochemical impedance 

spectroscopy (EIS) can be helpful in investigating the in-service performance of 

these thin film electrolytes and in understanding the conduction mechanism since 

the conductivity of grain and grain boundary can be separated in EIS 

measurements. 
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