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Abstract 

Oxygen-ion conducting and thin film solid oxide fuel cells fabricated by 

separate vacuum deposition methods (atomic layer deposition (ALD) and 

sputtering) were electrochemically evaluated at temperatures below 500
o
C 

and their material properties were investigated by means of chemical, 

structural, and microstructural analyses. An anodic aluminum oxide (AAO) 

membrane with well-arrayed nanopores was used as a reliable substrate to 

stack up the thin film components of the bottom anode, the top cathode, and 

the intermediate electrolyte. ALD-deposited yttria-stabilized zirconia (YSZ) 

of a few tens of nanometers directly deposited onto the anode-coated AAO 

substrate efficaciously prevented gadolinium-doped ceria (GDC) thin film 

electrolyte from being exposed to a high-temperature reducing atmosphere, a 

condition which lowers the physicochemical stability of ceria. Thinning of the 

ALD YSZ-blocked GDC thin film electrolytes on the anode-coated AAO 

substrate led to faster oxygen reduction reaction kinetics through electrolyte 

nanostructuring originating from substrate-dependent growth and an increase 

in the surface grain boundary density at the cathode/electrolyte interface. The 

nanothin and dense ALD-deposited platinum (Pt) deposited onto the 

nanostructured GDC thin film electrolyte exhibited highly catalytic activity, 

showing that it is capable of replacing the physical vapor deposition-deposited 

thicker Pt thin film cathode. 
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1. Introduction 

1.1 Motivation 

Fuel cells are considered as promising renewable energy devices capable of 

generating useful electricity due to their high energy conversion efficiency 

and environmentally friendly characteristics compared to internal combustion 

engines which include many mechanically moving parts. Among fuel cells 

that can be classified according to the type of electrolyte material used in 

them, solid oxide fuel cells (SOFCs) with oxygen-ion conducting ceramic 

electrolyte is advantageous given that these types of cells do not require a 

noble metal catalyst and have a comparatively frugal balance of plant. On the 

other hand, the high operation temperature (above 800
o
C) of conventional 

SOFCs for the generation of sufficient power density levels results in low 

flexibility with regard to material selection and a narrow scope of 

applications
1
. 

Above all, to realize high-performing SOFCs at low temperatures, it is 

necessary to reduce the ion conducting resistance through the electrolytic 

material and to accelerate the reaction kinetics at the electrode/electrolyte 

interface. To satisfy these two requirements, doped ceria, which has high ionic 

conductivity and a high surface exchange coefficient even in the intermediate-

temperature regime (around 500
o
C), is considered as an appropriate 



electrolyte material. However, due to the high electronic conductivity of 

doped ceria under strong reducing atmospheric conditions, doped ceria 

electrolytes cannot be used without a protecting material in such an unsuitable 

atmosphere for reliable power generation. Therefore, the use of a stabilized 

zirconia protective layer, with excellent structural and chemical stability under 

a high-temperature reducing atmosphere, is regarded an effective strategy to 

draw the good material properties of doped ceria
2
. 

Meanwhile, two-phase regions of solid solutions can easily form when 

multilayer electrolytes are fabricated by a common powder-processing 

technique which includes an excessively high-temperature sintering procedure. 

This also arises in doped ceria/stabilized zirconia multilayer electrolytes. To 

resolve these issues, thin film deposition processes typically carried out at 

relatively low temperatures compared to the powder processing technique are 

utilized to form high-performance electrolytes. Generally, thin film SOFCs 

(TF-SOFCs) are fabricated on Si-based free-standing platforms to be free 

from pinholes originating from electrolyte voids. However, their small active 

areas (below ~0.1 mm
2
) are too small to generate enough output power to 

operate a wide range of electrical devices
3
. 

Recently, the combination of a scalable nanoporous substrate and a 

conformal dense electrolyte material was confirmed to effectively mitigate the 

formation of pinholes through the electrolyte. In that study, atomic layer 

deposition (ALD) with excellent controllability with respect to the 
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composition and the thickness was crucial for the proper fabrication of 

pinhole-free electrolytes on nanoporous substrates. However, these ALD 

electrolytes were very thick, i.e., exceeding 150 nm, and did not elicit fast 

reaction kinetics at the cathode/electrolyte interface
4
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.2 Background knowledge 

1.2.1 Types of fuel cells 

1.2.1.1. Polymer electrolyte fuel cell 

Polymer electrolyte fuel cells use a polymer membrane that serves to move 

protons from the anode side to the cathode side. The overall reactions of 

polymer electrolyte fuel cells are as follows. First, hydrogen-containing 

primary fuel supplied to the anode side is separated into protons, electrons, 

and other species. Next, the protons and electrons travel through the polymer 

electrolyte and through an external circuit, respectively. Lastly, transferred 

protons combine with oxygen ions and electrons on the cathode side. The 

polymer electrolyte fuel cell which generates a moderate power density level 

at temperatures below 100
o
C, the boiling point of water, has the characteristic 

of very fast proton transport through the polymer membrane under appropriate 

water management conditions
5
. However, the installment of an additional 

balance of plant for water management and the necessity of noble metals such 

as Pt and Pd with high catalytic activity are disadvantages of polymer 

electrolyte fuel cells. To solve these issues, proton conducting ceramic 

electrolyte fuel cells which operate at higher temperatures can be considered 

as an alternative measure
6
. 
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1.2.1.2. Proton conducting ceramic electrolyte fuel cell 

Proton conducting ceramic fuel cells have a ceramic membrane that serves to 

move protons from the anode side to the cathode side. The overall reactions of 

proton conducting ceramic fuel cells are as follows. First, hydrogen-

containing primary fuel supplied to the anode side is separated into protons, 

electrons, and other species. Next, the protons and electrons travel through the 

ceramic membrane and through an external circuit, respectively. Lastly, the 

transferred protons combine with oxygen ions and electrons on the cathode 

side. The intermediate-temperature operation of proton conducting ceramic 

fuel cell does not require the installation of a cumbersome water management 

system. However, the difficult manufacturing and the poor reproducibility of 

the membrane limit the applicability of these cells for commercialization. In 

fact, highly functional multilayered ceramic electrolyte fuel cells capable of 

generating peak power densities of a few hundred watts provide very poor cell 

performance
7
. Figure 1.1 shows the electrical conductivity characteristics of 

typical proton conductors. 

 

 

 



1.2.1.3. Oxygen-ion conducting ceramic electrolyte fuel cell 

SOFCs use a ceramic membrane to move oxygen ions from the anode side to 

the cathode side. The overall reactions of these fuel cells are as follows. First, 

oxygen-containing primary fuel supplied to the cathode side is separated into 

oxygen ions, electrons, and other species. Next, the oxygen ions and electrons 

travel through the ceramic membrane and through an external circuit, 

respectively. Lastly, the transferred oxygen ions combine with protons and 

electrons on the anode side. The high-temperature operation of SOFCs does 

not require the installation of a cumbersome water management system and in 

addition does not use expensive electrode catalyst material such as Pt and Pd. 

However, the excessively high operation temperature (above 800
o
C) of 

SOFCs limits selection of materials and results in low durability and a narrow 

range of applications. To resolve these issues, active research is being carried 

out by many groups, with electrolyte thinning among the attempts to lower the 

operation temperature
2
. Figure 1.1 shows the electrical conductivity 

characteristics of typical oxygen ion conductors. 
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Figure 1.1 Electrical conductivity of various kinds of oxide materials used as 

electrolyte
6 

 

 

 



1.2.2 Oxygen-ion conductors 

1.2.2.1. Yttria-stabilized zirconia (YSZ) 

Yttria-stabilized zirconia (YSZ), which is the most widely used electrolytic 

material for SOFCs, is a zirconia-based oxide with yttria which is added to 

ensure high oxygen ion conductivity at high temperatures (above 800
o
C). The 

occurrence of high oxygen ion conductivity through the YSZ originates from 

the substitution of Zr
4+

 to Y
3+

 by electrical neutralization, which leads to the 

formation of a number of oxygen vacancies, providing ionic oxygen paths. 

YSZ, with an yttria mole fraction of around 8%, highly crystalline, and with a 

small grain boundary density was confirmed to exhibit higher oxygen ion 

conductivity. Being chemically stable under a strong reducing atmosphere, 

YSZ is not affected when hydrogen-based fuel is supplied to the anode side. 

Although it was revealed that the electrical conductivity of YSZ with a porous 

microstructure is notably enhanced at very low temperatures (below 300
o
C) 

due to its protonic conduction through physical nanopores, porous YSZ has 

lower conductivity than dense YSZ at high temperatures
8
.
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1.2.2.2. Gadolinium-doped ceria (GDC) 

GDC, a highly promising electrolytic material for SOFCs, is a ceria-based 

oxide with gadolinium which is added to ensure superior oxygen ion 

conductivity at intermediate temperatures from 400
o
C to 600

o
C. The 

occurrence of high oxygen ion conductivity through gadolinium-doped ceria 

(GDC) originates from the substitution of Ce
4+

 to Gd
3+

 by electrical 

neutralization, which leads to the formation of a number of oxygen vacancies, 

providing ionic oxygen paths. YSZ, with an yttria mole fraction of around 

10%, highly crystalline, and with a small grain boundary density, was 

confirmed to exhibit higher oxygen ion conductivity. Although GDC has 

significantly higher oxygen ion conductivity compared to YSZ at intermediate 

temperatures, Ce
4+

 is actively reduced to Ce
3+

 in a strong reducing atmosphere. 

This characteristic results in electronically conductive and chemically and 

structurally unstable properties on the anode side, necessitating the use of a 

blocking layer to prevent the GDC from being reduced. YSZ, chemically 

stable under a strong reducing atmosphere, is effective when used as a 

protective layer on the anode side for GDC as a primary electrolyte. However, 

the bi-layered electrolyte of GDC/YSZ fabricated by conventional powder 

processing has poor reliability in terms of cell performance due to the 

formation of undesired materials at the interface
9
. 



1.2.3 Vacuum deposition methods 

1.2.3.1. Atomic layer deposition (ALD) 

In atomic layer deposition (ALD), thin films are deposited by means of the 

layer-by-layer chemical absorption (or a self-limitation principle) of deposited 

species contained in the precursors. Figure 1.2(a) shows a schematic diagram 

of the ALD process. The deposition rate is nearly constant in the ALD window, 

which determined by the size of the deposited atoms. Moreover, the chemical 

composition of ALD thin films can be extensively controlled by adjusting the 

duration of the pulsing time and the type of reactant gas. The deposition of 

highly crystalline, relatively pure, and densified thin films can also be carried 

out using additional external sources
10

. 

The types of ALD are distinguishable by how the precursors are 

supplied. One method is the wave-traveling approach, which is powered by 

the difference in the static pressure between the chamber and the precursor-

containing canister. Another method involves bubbling with high dynamic 

pressure of the carrier gas. Although the bubbling method incurs a higher rate 

of precursor consumption, it is capable of transferring precursors through the 

inevitably used long and complex piping systems. Meanwhile, the somewhat 

low yield of ALD-deposited thin films can be offset by the large area 

deposition which is possible given the characteristics of gas-state reactions. 

Contrary to physical vapor deposition (PVD), the coating of ALD thin films is 
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little influenced by the shape of the substrate used, and no columnar growth 

appears during the deposition process
11

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.2.3.2. Sputtering 

Sputtering, which is a PVD method, is used to deposit thin films by means of 

the bombardment of species onto the surface of the targets used with a bias 

difference between the target and the substrate. Figure 1.2(b) shows a 

schematic diagram of the sputtering process. The deposition rate and the 

chemical composition of sputtered thin films can be controlled by adjusting 

the strength of the magnetic field and the type of background gas. The 

sputtering of insulative targets can be carried out with a radio frequency 

source to generate repetitive electrical vibrations. Sputtering utilizing the 

parameters mentioned above is called radio frequency magnetron sputtering 

(referred to as RF sputtering hereafter). Although the deposition rate of RF-

sputtered thin films is commonly lower than that of thin films deposited by 

direct-current sputtering, RF sputtering has better reproducibility in terms of 

the stoichiometry of the resulting thin films. However, sputtered thin films 

with low conformality have poor coating ability over substrates with a 

complex microstructure. In particular, the columnar growth characteristics of 

sputtered thin films result in pinholes when applied to electrolytes for SOFCs
2
. 
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Figure 1.2 Schematic diagrams of atomic layer deposition and sputtering
12 

 

 



1.2.4 Types of substrates 

1.2.4.1. Micro-etched freestanding substrate 

In fuel cells, thin film electrolytes with low density and poor integrity result in 

poor cell performance due to the pinhole issue, i.e., electrode diffusion and 

gas permeation through the electrolyte. Thin film electrolytes are typically 

deposited on a silicon substrate with through-wafer etching to release the 

membrane to thus realize pinhole-free thin film electrolytes. However, these 

free-standing thin film electrolytes have a cell active area of only a few 

hundred square millimeters due to the weak mechanical strength of the 

electrolyte. Therefore, their output power level is limited to a few milliwatts. 

In addition, the process complexity of free-standing platforms fabricated on 

the basis of micro-electrometrical systems is too high. Although various types 

of nanostructuring techniques have been actively employed to augment the 

area of the electrode/electrolyte interface, the total output power remains 

insufficient for powerful electrical devices. Figure 1.3(a) shows a schematic 

diagram of a micro-etched free-standing substrate supporting TF-SOFC
3
. 
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1.2.4.2. Nanoporous substrate 

As a means by which to increase the output power, the augmentation of the 

cell active area in TF-SOFCs has been attempted in various ways, with 

scalable substrates with nanopores showing excellent gas diffusivity. For 

instance, the use of anodic alumina oxide (AAO) membranes with Al foil 

anodized in an acid solution to form well-arrayed nanopores which thermo-

mechanically match ceramic electrolytes and which is non-corrosive and 

highly productive as a porous supporting substrate for TF-SOFCs has been 

reported by several research groups
13

. One major challenge when using such a 

porous substrate for the fabrication of TF-SOFCs is to fabricate a dense and 

gas-tight electrolyte while holding thickness of the electrolyte at the sub-

micrometer scale or even thinner
9, 13a, 14

. Many works have attempted to 

deposit a very thin electrolyte on a porous substrate using vacuum deposition 

techniques, including PVD and chemical vapor deposition
10, 13b

. However, the 

required thickness for a gas-tight, pinhole-free electrolyte requires the 

micrometer scale, which makes these devices no longer economically viable, 

as the deposition of such a thick film requires a significant processing time. 

Figure 1.3(b) shows a schematic diagram of a nanoporous substrate 

supporting TF-SOFC
4
. 

 



 

 

 

 

 

 

 

 

Figure 1.3 Schematic diagrams of TF-SOFCs with (a) micro-etched free-standing 

substrate, and (b) nanoporous substrate 
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2. Experimental Methods 

2.1 Thin film fabrication 

2.1.1 ALD of zirconia, yttria, and YSZ 

We applied the ALD technique enabling excellent step coverage to fabricate 

the ultra-thin conformal YSZ layer using a commercial ALD system (Plus-100, 

Quros, South Korea)
15

. Figure 2.1 shows the used commercial ALD machine. 

Prior to the deposition of an YSZ thin-film, zirconia and yttria films were 

separately deposited and characterized for a systematic study. Both films were 

fabricated by repeating the sequence of precursor pulse (3 s), purge (20 s), 

oxidant pulse (1 s) and purge (10 s). Tetrakis(dimethylamido)zirconium, 

Zr(NMe2)4 (Sigma-Aldrich, USA) and Tris(methylcyclopentadienyl)yttrium, 

Y(MeCp)3 (Strem Chemicals, USA) were used as the precursors for 

zirconium and yttrium, respectively. Precursor was delivered using a stainless 

steel bubbler fed by Ar gas with 99.99% purity. O2 gas was used as the 

oxidant, and stage temperature was set to 250
o
C. The temperatures of 

canisters with charged precursors were 40
o
C and 180

o
C, and the line 

temperatures were 60
o
C and 200

o
C for zirconia and yttria deposition, 

respectively. 

The growth rates of both zirconia and yttria films during the initial 

1000 cycles were ~1 Å /cycle. Although these growth rates were somewhat 



lower than the reported values (1.2-1.5 Å /cycle)
16

, the film thickness 

increased proportionally with the deposition cycles. X-ray photoelectron 

microscopy (XPS) analyses were performed to determine the chemical 

composition of a ~100 nm thick zirconia and a ~100 nm thick yttria film. The 

atomic concentration in the zirconia thin-film was Zr 3d: 41.6% and O 1s: 

58.4%, which was somewhat different from the expected stoichiometry of 

ZrO2. It is attributed to the fact that reduced zirconium (e.g. Zr
0
 3d5/2 or Zr

2+
 

3d5/2) was partially combined with O2 during the ALD process. The atomic 

concentration of the yttria thin-film was Y 3d: 40.9% and O 1s: 59.1%, which 

is well-aligned with the stoichiometry of Y2O3. Subsequently, YSZ thin-films 

were fabricated by co-deposition of zirconia and yttria. Zirconia was 

deposited prior to a yttria deposition. Yttria mole fraction in the ALD YSZ 

thin-film was controlled by changing the ratio of deposition cycles for 

zirconia and yttria. Yttria mole fraction is widely known to determine oxygen 

ion conductivity in the YSZ, and 8% mole yttria was reported to render the 

maximum oxygen ion conductivity
6
. When the ratio of zirconia and yttira 

ALD cycle was 7:1, the atomic concentration of the YSZ thin-film was Zr 3d: 

24.2%, Y 3d: 3.6% and O 1s: 72.1%, which was also determined by an XPS 

analysis. The Y2O3 mole fraction, x, in the YSZ chemical formula of (ZrO2)1-

x(Y2O3)x was ~0.07. In case of the YSZ thin-film, XPS spectra corresponding 

to an under-stoichiometric ZrO2 did not appear unlike the zirconia thin-film. 
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Figure 2.1 Commercial ALD machine with a load-lock chamber 

 
 

 

 

 



2.1.2 Radio frequency (RF) and direct current sputtering 

Sputtered metal thin films were deposited using a commercial sputtering 

machine (A-Tech System, South Korea) with a customized rotation unit
15

. 

Target to substrate distance was 75 nm, a substrate support was rotated at 4 

rpm to reduce a growth rate deviation. Figure 2.2 shows the used sputtering 

machine. For electrode deposition, a 99.99% purity Pt, 99.99% purity Pd, and 

a 99.99% purity Ni target was used to deposit a Pt thin film, a Pd thin film, 

and a Ni thin film, respectively. Direct current power of a sputtering gun was 

200 watts, and sputtering gas was 99.9999% Ar. Background pressure was 

kept at 0.7 Pa and 12 Pa for dense and porous microstructure, respectively. 

For electrolyte deposition, metal oxide thin films were deposited 

using the same sputtering machine mentioned above with a customized 

rotation unit. Target to substrate distance was 75 nm, a substrate support was 

rotated at 4 rpm to reduce the growth rate deviation. Sputtering gas was a 

mixture of Ar and O2 in the volumetric ratio of 80:20. Background pressure 

was kept at 1.3 Pa during deposition. Radio frequency magnetron power of a 

sputtering gun was 50 W, GDC disk pellet with a 10 mol% Gd2O3 was used as 

the target. Sputtered YSZ thin films were deposited under same processing 

conditions with YSZ disk pellet with an 8 mol% Y2O3. 
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Figure 2.2 Commercial sputtering machine with DC (front side) and RF (rear 

side) powered guns 

 

 

 

 

 



2.2 Thin film characterization 

XPS was conducted to qualitative and quantitatively investigate chemical 

properties of thin films using AXIS His (Kratos Analytical, Manchester, UK) 

and Theta Probe (Thermo Fisher Scientific, USA) and the surface of thin 

films was pre-etched to remove surface contaminants originate from the air 

with 1 keV of Ar-ion etching at a current of 1 μA for 10 s in the vacuum 

chamber
17

. 

The film density and crystallinity were determined by X-ray 

reflectometry and diffraction analysis (XRR; X’Pert Pro, PANalytical, 

Netherlands) with Cu Ka radiation in the symmetrical θ/2θ and grazing 

incidence (GI) scan modes at a sample-to-detector distance of 240 mm and an 

incident angle of 0.5°
18

. The surface nanostructure and local diffraction 

pattern were investigated by high-resolution transmission electron microscopy 

(HR-TEM; JEOL-2100F, Japan) equipped with an energy-dispersive X-ray 

(EDX) spectrometer under an accelerating voltage of 200 keV and a TEM 

point resolution of 0.23 nm
18

. 

The surface microstructure of thin film was analyzed by focused ion 

beam and field emission scanning electron microscopy (FIB/FESEM) using 

the quanta 3D FEG (FEI Company, Netherland) instrument
15

. The surface 

morphology of thin film was examined by atomic force microscopy (AFM) 

using the XE 100 (Park Systems, South Korea) and the Agilent 5500 Agilent 
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Technologies, USA) instruments. Non-contact mode AFM scanning herein 

was carried using silicon tips with a ~10 nm radius
18

.



2.3 Electrical evaluation 

200 nm thick of SiO2-coated Si(100) wafer with the electronically insulative 

surface was used as the substrate for cross-plane electrical conductivity 

measurement. 100 nm thick of sputtered Pt thin film with a dense 

microstructure was used as the bottom and top electrodes. Samples were 

directly heated on a conductive heating unit. The relative humidity in ambient 

air at room temperature (RT) was adjusted to 30%. Electrochemical 

impedance spectroscopy was carried out at open circuit voltage by micro-tips 

to Pt electrodes contact (figure 1b), and the impedance behaviors independent 

from the variation of the bias voltage were used to acquire the total 

conductivity mixed with oxygen ionic conductivity and electronic 

conductivity
19

. 

The four-point probing method was used to measure the sheet 

resistance using the CMT-SR1000N instrument (AiT, Korea), and a correction 

factor was applied to each sample to remove the effect of the shape and size. 

The error range of the sheet resistance was plus or minus less than five 

percentage point
17

. 
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2.4 Electrochemical evaluation 

Commercial AAO (Synkera, USA) templates, Al foil anodized in an acid 

solution to form well-arrayed nanopores, with the thickness of 100 μm and the 

pore size of 80 nm were used as the porous supporter for TF-SOFCs
13a

. The 

physical mask for the opening area of 1 mm
2
 was comprised of a square-

patterned 0.1 mm thick stainless steel (SS) plate (lower layer) and a thicker SS 

plate pressing the lower plate (upper layer) (figure 2.3) 
17

. 

Test cells were attached to the custom-made H2 feeding chamber 

using a ceramic adhesive (CP4010, Aremco Products, USA), which were 

heated to 500°C with a ramping rate of 10
o
C/min using halogen heaters. 50 

sccm dry H2 gas was supplied to the anode side and the cathode was exposed 

to the atmospheric environment (figure 2.4). Electrochemical measurements 

were carried out after exposure to H2 for 1 hour at the anode. The anode was 

connected with a combination of silver paste (597A, Aremco Products, USA) 

and a 0.5 mm diameter silver wire while the cathode was contacted using a 

hardened-steel with a radius of 0.19 mm probe moved by a XYZ stage
15

. 

Polarization curves and electrochemical impedance spectroscopy 

(EIS) measurements of test cells were measured using an electrochemical 

testing system (1287/1260, Solatron Analytical, UK). The anode was selected 

as the counter electrode which was connected to the reference electrode, and 

the cathode functioned as the working electrode. During the EIS 



measurements, the alternating voltage with amplitude of 50 mV was applied 

to the cathode with respect to the anode
18

. 
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Figure 2.3 Highly-functional masks and a cell holder for AAO with area of 10 

mm by 10 mm 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
Figure 2.4 (upper) Fuel chamber, and (lower) micro-probing system and 

transparent window 
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3. Results and Discussion 

3.1 Multilayered nanothin film electrolyte 

3.1.1 ALD YSZ ultrathin protective layers 

3.1.1.1. Electrode design for bottom protective layer 

Thin films fabricated via low-temperature vacuum deposition techniques have 

relatively lower density than powder-processed thin films due to the presence 

of large density of grain-boundaries inside the thin films 
16, 20

. Even though the 

density (5.81 g/cm
3
) of YSZ thin films fabricated via ALD is likewise lower 

than that (6.1 g/cm
3
) of powder-processed YSZ, the applied ALD process 

produced remarkably densified YSZ thin film compared to sputtered dense 

YSZ thin films with a density of 5.3 g/cm
3
. 

Because the AAO used as a supporting substrate for membrane 

electrode assembly is non-conductive and catalytically inactive (figure 3.1), 

bottom electrode catalyst (BEC) needs to be coated prior to the electrolyte 

deposition for the anode side current collection and catalytic reaction. 

Reaction kinetics at the BEC-electrolyte interface and fuel transport through 

AAO pores were considered as the main design parameters for BEC coating. 

First, to examine the diffusion characteristics of conformal YSZ on the BEC 

side, 50 nm thick conformal YSZ was deposited on BECs with different 

thicknesses, whose cross-sectional microstructure was investigated by 



FIB/FESEM imaging: the BECs were 40 nm and 320 nm in thickness. In case 

of the thinner BEC, a significant amount of conformal YSZ visually infiltrates 

into the interior of the BEC as well as into AAO pores (the left image of 

figure 3.2(a), which may have negative impacts on fuel supply through AAO 

pores. In case of the thicker BEC, on the other hand, most of the conformal 

YSZ is deposited on the top surface of the BEC, as shown in the right image 

of figure 3.2(a). The thicker BEC could appreciably alleviate the infiltration 

of conformal YSZ into the interior of AAO pores. This pronounced difference 

in infiltration aspect of conformal YSZ should be closely linked to growth 

characteristics of sputtered films
21

; The thickness increase of PVD-deposited 

films deposited on AAO pores expanded their column-width and reduced the 

size of pinholes (or voids) existing in the sputtered films. We thus think that 

the merging of BEC’s columnar grains due to the thickness increase lowers 

the infiltration degree of conformal YSZ into the BEC and AAO pores. 

Meanwhile, as shown in figure 3.2(b), the TEM-EDX quantitative analysis 

result in the middle of the thicker BEC (at asterisk) implies the possibility of 

triple phase boundary (TPB) formation on the BEC side. 

To investigate the effects of BEC thickness on the electrochemical 

performance, polarization curves and EIS data were obtained for 40 and 320 

nm thick BEC cells having a 210 nm thick conformal YSZ electrolyte and a 

60 nm thick top electrode catalyst (used as cathode), referred to the Cell-A 

and Cell-B, respectively. As shown in figures 3.3(a)(b), both cells generates 
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high open circuit voltages (OCVs) of ~1.16 V implying the high integrity of 

conformal YSZ electrolytes, which is quite contiguous to the theoretical OCV 

value of 1.17 V under the operating conditions
22

. However, the overall voltage 

drop of the Cell-A with increasing current density is much bigger than that of 

the Cell-B, which results in a ~11 times lower peak power density (8.8 

mW/cm
2
) compared to that of Cell-B (93.1 mW/cm

2
). In particular, the 

voltage drop of the Cell-A at high current densities above 30 mA/cm
2
) is 

considerably sharp, which means that the Cell-A suffers from serious 

concentration loss compared to the Cell-B
23

. This consideration is parallel to 

the expectation from a FIB/FESEM analysis of figure 3.3(c) discussed in the 

previous section. The exchange current densities obtained by Tafel fitting 

were 0.43 mA/cm
2
 and 0.29 mA/cm

2
 for the Cell-A and Cell-B, respectively, 

as shown in figure 3(c)
24

.This fitting result indicates that the Cell-A may have 

longer TPB length at the BEC side and therefore faster reaction kinetics than 

the Cell-B, which, however, is not significantly different each other. In 

conclusion, the electrochemical analysis implies that the thicker BEC shows 

higher peak power density due to the superior mass transport through the 

pores of the AAO substrate in spite of the slightly slower reaction kinetics at 

the BEC-electrolyte interface. 

Before comparing the EIS data for two kinds of cells, the EIS curves 

obtained under different DC bias voltages (OCV and 0.1 V with respect to the 

cathode) for the Cell-B were overlapped to differentiate the ohmic resistance 



(due to charge transport inside electrolyte) from the activation resistance (due 

to charge transfer at electrode/electrolyte interface)
25

, as shown in the inset of 

figure 3.4. The comparison result indicates that all of the semicircles are 

relevant to the activation process, i.e., electrode/electrolyte interfacial 

resistance, not to the ohmic process, i.e., electrolytic resistance, because there 

are no overlapping semicircles. Figure 3.4 shows EIS curves obtained under a 

DC bias voltage of 0.1 V for the Cell-A and Cell-B. The EIS curve for the 

Cell-B contains two predominant semicircles with peak imaginary values at 1 

kHz and at 20 Hz by a non-linear least square fitting to the equivalent circuit 

consisting of one resistance (related to ohmic resistance) and two pairs of 

constant phase element and resistance (related to electrode/electrolyte 

interface resistance)
17

. Referring to the previous literatures
4, 17

, it is considered 

that semicircles at higher and lower frequencies correspond to the anode and 

cathode interfacial resistances, respectively. On the other hand, the Cell-A 

shows the EIS behavior with a diagonal form at a lower frequency region 

below 20 Hz, which is not observed in the impedance spectra of Cell-B. This 

diagonal component is considered to the effect of Waburg element signifying 

a lack of active fuel supply
23

. This interpretation corresponds well to the 

above-mentioned polarization analysis, where we observed a sharp drop in the 

cell voltage of Cell-A at j > 30 mA/cm
2
. The different shape of the semicircle 

around 20 Hz - which is regarded as the frequency time constant of cathode 

interfacial resistance
26

 - of Cell-A compared to that of Cell-B seems to be due 



   

 

 

33 

to the overlap of the cathode loop and the Warburg element. The high 

frequency intercept that corresponds to ohmic resistance is 0.5 Ω-cm
2
 and 

0.45 Ω-cm
2
 for the Cell-A and Cell-B, respectively. Considering both cells 

have similar cathode sheet resistance around 550 Ω-cm and the electrolyte 

thickness is about the same, such a difference in ohmic resistance may be 

attributed to a difference in anode sheet resistance stemming from the 

different thicknesses. Nevertheless, this slight difference in ohmic resistance 

is immaterial to the peak power density of two cells (e.g. a voltage difference 

between the Cell-A and Cell-B is only 0.5 mV at 10 mA/cm
2
 that seems to be 

the range where the ohmic loss becomes dominant). Consequently, it is 

considered that mass transport at the anode side is the dominant factor to 

determine the performance of AAO-supported TF-SOFCs with conformal 

electrolyte, rather than reaction kinetics and ohmic performance. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 3.1 FESEM top-view image of AAO membrane with 80 nm-sized 

nanopores 
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Figure 3.2 FIB/FESEM cross-sectional images of ALD YSZ films deposited on 

AAO supported (left side) 40 and (right side) 320 nm thick Pt bottom electrode 

catalysts (BECs), and (b) atomic concentration in the middle of the 320 nm thick 

Pt BEC with ALD YSZ electrolyte for Pt, O, Zr, and Y 

 

 



 

 

 

Figure 3.3 Voltage and power density curves versus current densities for AAO-

supported (a) 40 and (b) 320 nm thick BEC cells, referred to the Cell-A and Cell-

B, and (c) their Tafel plots 
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Figure 3.4 ElS measurements under open circuit voltage and 0.1 V DC bias 

voltages for the Cell-A and Cell-B 
 

 



3.1.1.2. Bottom protective layer for GDC electrolyte 

In order to deposit GDC thin film, Gd-Ce alloy (with 10 at.% Gd) was used as 

the GDC target. Target to substrate distance was 80 mm. GDC thin films were 

deposited at a mixed Ar/O2 gas pressure of 5 mTorr. Volume fraction of O2 to 

Ar was 0.2. RF power was set at 150 W. The growth rates of GDC thin films 

deposited at 100
o
C and 500

o
C were ~42 nm/h and ~20 nm/h, respectively. 

Considering that the packing density of GDC thin-film increases as the 

substrate temperature increases
27

, the substrate was heated to a high 

temperature of 500
o
C in order to accommodate more volume for bulk ionic 

conduction
6
. To determine the chemical composition of GDC thin films, XPS 

analysis was carried out. A GDC thin-film deposited at 500
o
C (GDC-H) was 

compared to a film prepared at room temperature (GDC-R). Figures 3.5(a)(b) 

respectively show the XPS spectra of Ce 3d and Gd 4d core levels of GDC-R 

and GDC-H. As shown in figure 3.5(a), the Ce 3d core level of GDC-R did 

not show spin orbital doublets (V′, U′) unlike GDC-H, which is a 

characteristic of the Ce
3+

 binding state
28

. This result reveals that GDC-H 

contains reduced cerium oxide (e.g., Ce2O3) as well as cerium dioxide. The 

Gd 4d core level in figure 3.5(b) illustrated characteristic peaks that are very 

similar to those of gadolinium oxide, and there was no distinct difference 

between the two samples. As for atomic concentrations, GDC-H had a higher 

Gd doping concentration (Gd 4d ≈ 13%) than the GDC target (~10%). It is 
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tentatively attributed to the fact that cerium oxide with a lower molecular 

weight becomes more volatile than gadolinium oxide as substrate temperature 

increases
29

. 

A commercial AAO template with an 80 nm pore and a 100 μm 

height was used as the substrate to leverage their high density of nanopores 

and resulting electrochemical reaction sites
13b, 30

. To fabricate Pt electrode, Pt 

with 99.9% purity was used as the Pt target, and the target to substrate 

distance was 100 mm. The deposition was conducted at room temperature, 

and the direct current power was set to 200 W. The Pt anode was deposited on 

the AAO template in an area of 10 × 10 mm
2
. Dense Pt anodes were deposited 

at a 5 mTorr Ar pressure, having the growth rate of ~60 nm/min. Subsequently, 

YSZ and GDC electrolytes with an area of 9 × 9 mm
2
 were deposited on the 

Pt anode. The critical thickness ratio of the YSZ layer to the GDC layer to 

prevent the reduction of ceria, which was determined considering the 

distribution of oxygen activity through the thickness of a bilayer, was reported 

to be ~10
-4

 at 800
o
C and was expected to decrease further at lower 

temperatures
31

. For this reason, the required minimum thickness of the YSZ 

layer for electron blockage, if the thickness of GDC layer is 420 nm, is only 

~0.4 Å . However, a much thicker YSZ film (40 nm) was deposited on the 

anode side to compensate the rough morphological variations of the Pt-coated 

AAO surface. The GDC layer, which was 420 nm thick, was then deposited 

on the YSZ layer. Oxygen reduction reaction (ORR) happening at the cathode 



is widely known to cause a significantly greater activation loss compared with 

the hydrogen oxidation reaction occurring at the anode
6
. In order to facilitate 

cathode reaction, a porous Pt cathode was prepared by depositing at a much 

higher Ar pressure of 90 mTorr than that used for anode deposition (5 mTorr 

Ar). The cathode thickness was ~200 nm. The growth rate still remained at 

~60 nm/min. The Pt cathode, which effectively determines the nominal area 

of active cell, was deposited using a mask with 1 × 1 mm
2
 openings. 

Thin-film fuel cells with 850 nm thick GDC and 850 nm thick 

Sn0.9In0.1P2O7 (SIPO) electrolytes were fabricated to study further how the 

ALD YSZ layer have the influence on electrochemical performance
32

. Except 

for the electrolyte, other cell components were equal to those for GDC/YSZ 

bi-layered thin-film fuel cell. For a comparison with GDC-based cells (cell 1, 

Pt/GDC/Pt), we fabricated SIPO-based cells (cell 2, Pt/SIPO/Pt). It is 

postulated that the electrolytes deposited with the same deposition process 

have identical microstructures
14

. As shown in figures 3.6(a)(b), both the 850 

nm-thick dense GDC and SIPO electrolytes did not show any evident pinhole. 

However, the OCV of ~0.3 V for cell 1 was significantly lower than that for 

cell 2 (~1.0 V). This result indicates that the lower OCV of the GDC-based 

cells may have originated from oxygen permeation through the GDC 

electrolyte and/or ceria reduction, not from gas leakage through pinholes. In 

order to verify the effect of the ALD YSZ layer, we characterized 

electrochemical performances of GDC/YSZ bi-layered thin-film fuel cell (cell 
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3, Pt/GDC/YSZ/Pt), which has a 40 nm thick ALD YSZ layer at the anodic 

interface as shown in figure 3.7. As expected, the OCV of cell 3 with the ALD 

YSZ layer stayed at a decent value of ~1.07 V, unlike that of cell 1 (~0.3 V). 

This discrepancy indicated that the ALD YSZ layer played a successful role as 

a functional layer to suppress the issues that originated from thin-film GDC 

electrolyte such as the electronic current leakage and the oxygen permeation
33

. 

The thicknesses of GDC layers in cells 1 and 3 were 850 and 420 nm, 

respectively. Originally, it was intended for the comparison of the two 

samples with the same GDC thickness, but a 420 nm thick GDC-based cell 

showed highly unstable outputs in the measured quantities. While the peak 

power density of the cell (cell 3) with an YSZ blocking layer reached ~35 

mW/cm
2
, that of the single-layered GDC-based cell (cell 1) showed a much 

lesser power density below ~0.01 mW/cm
2
, as shown in figures 3.8(a)(b). 

To evaluate the stability of GDC/YSZ bi-layered thin-film fuel cell 

(cell 3), the OCV and the peak power density were measured for 4 h at 450
o
C, 

as shown in figures 3.9. While reduction of the OCV was negligible, the peak 

power density sharply decreased by ~30% after 4 hrs. This sharp performance 

degradation in the AAO-supported thin-film fuel cells was previously studied 

by Kwon et al.
34

. They ascribed the reason to the agglomeration of the Pt thin-

film without microstructural supports. In line with the explanation, the 

agglomeration of Pt particles was clearly visible when comparing the surface 

morphologies before and after a cell test, and the degradation of power output 



caused by the Pt cathode agglomeration was also confirmed through AC 

impedance measurements. Nevertheless, the stability of AAO-supported 

GDC/YSZ thin-film fuel cells was relatively superior to ‘freestanding’ thin-

film fuel cells with silicon-based substrates
2
. Actually, the configuration of the 

AAO-supported thin-film fuel cells was maintained after 10 hours at 450
o
C. 

However, it was reported that freestanding thin-film fuel cells were all broken 

before 1 hour in the same operational conditions
2, 13b

.  
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Figure 3.5 XPS spectra of (a) Ce 3d and (b) Gd 4d core levels of GDC thin films
15

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 3.6 FESEM cross-sectional images of cells 1 and 2. (a) A GDC single-

layered thin-film fuel cell (cell 1) and (b) a SIPO single-layered thin-film fuel cell 

(cell 2)
15
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Figure 3.7 FESEM cross-sectional image of a GDC/YSZ bi-layered thin-film fuel 

cell(cell 3)
15

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 3.8 Electrochemical performances of cells 1 and 3. (a) A 850-nm-thick 

GDC electrolyte fuel cell (cell 1) and (b) a 460-nm-thick GDC/YSZ electrolyte 

fuel cell (cell 3) measured at 450
o
C 
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Figure 3.9 OCV and peak power density of GDC/YSZ thin-film fuel cell (cell 3) 

versus dwell time at 450
o
C 

15 

 

 

 



3.1.1.3. Intermediate protective layer for GDC/YSZ electrolyte 

GDC is in the limelight among SOFC electrolytes due to its relatively high 

ionic conductivity and surface exchange coefficient
35

. However, GDC is 

reduced at low oxygen partial pressure conditions and becomes electrically 

conductive, which lowers OCV
36

. Even though reduction phenomena of GDC 

is not greatly affecting the potential of fuel cell at below 450
o
C, our group 

confirmed that OCV of GDC electrolyte cell was low as 0.9 V even at below 

500
o
C, which suggest that GDC could be reduced at low temperature

15
. For 

this reason, GDC is often used with zirconia-based blocking layers with 

higher stability at reduction atmosphere
33a, 37

, which is why YSZ was used as 

material for the blocking layer in this study. The thickness of PVD electrolyte 

layers was arbitrarily selected to examine the effects of pinholes that originate 

from AAO pores. Most of the TF-SOFCs in porous supports use 1 μm or 

thicker electrolytes to prevent pinhole formation in thin film electrolytes
14

. In 

this study, the relatively thin electrolyte was utilized to clarify the effects of a 

conformal blocking layer inhibiting pinholes formation. Kwon et al.
13b

 

showed that columns growing on AAO surface gradually merged as the 

thickness of the columns themselves increased, and pinholes were extended to 

500 nm from the AAO surface. If the PVD electrolyte is too thick, pinholes-

related effects on the electrode potential are non-detectable. Therefore, the 

300 nm thick PVD electrolyte cell will be influenced by pinholes in terms of 
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electrochemical performance. Figures 3.10(a)(b) are schematics of the 

depositing ALD YSZ blocking layer and electrochemical test system as well 

as a cross-sectional view of the cell with ALD YSZ blocking layer. The ALD 

YSZ blocking layer deposited for 200 cycles was inserted between a 200 nm 

thick PVD YSZ and a 100 nm thick PVD GDC. Figure 3.10(c) shows a 

FESEM cross-sectional image for the cell with an ALD YSZ blocking layer 

(hereafter called the ALD-blocked cell), which is comprised of a tri-layer 

electrolyte (bottom PVD YSZ, ALD YSZ, and PVD GDC) and two Pt 

electrodes. The fabrication process of a cell without an ALD YSZ blocking 

layer (hereafter called the PVD cell) is identical to that of the ALD YSZ 

blocking-layered cell, except without ALD YSZ deposition. A few nanometer-

thick ALD YSZ blocking layers were considered adequate for pinhole 

blockage
13b

, but a 30 nm thick ALD layer was deposited to reliably block the 

pinholes in the PVD YSZ. Test cells were fabricated on 80 nm pore-sized 

AAO substrates. 300 nm thick dense Pt was used as electrode-catalysts on the 

anode side while 250 nm thick porous Pt was used as electrode-catalysts on 

the cathode side and its area was 1 mm
2
. 

The electrochemical performance of ALD-blocked and PVD cells 

was evaluated to verify the effects of inserting the ALD blocking layer. The 

insertion of the blocking layer was expected to increase OCV as the ALD 

layer suppressing pinhole because the blocking layer hinders the fuel 

crossover through pinholes. Figures 3.11(a)(b) show the OCV and normalized 



overpotential of ALD-blocked and PVD cells for 2 hours. Figure 3.11(a) 

shows the number of electrodes that properly operate over 2 hours at 500
o
C, 

which validates the reproducibility of electrolytes under the presumption that 

it has been reported that thin film electrolyte having poor uniformity can 

easily suffer from pinhole issue, followed by short circuit phenomena or fast 

degradation will appear immediately
3
. Initial OCVs for nine cells were 

normally measured at both ALD-blocked and PVD cells. One hour after the 

initial operation, PVD cells showed 66% survival rate compared to ALD-

blocked cells with 100%. After 2 hours, ALD-blocked cells still showed a 

survival rate of 100%, while that of PVD cells reached zero due to electrical 

shortage in all cells. Thus, ALD-blocked cells are less affected by pinholes 

that lead to short circuiting or fast degradation and have higher reproducibility.  

Figure 3.11(b) shows the time behavior of normalized overpotential 

for ALD-blocked and PVD cells and the initial OCV for the two cells was 

1.14 V and 1.05 V, respectively. The OCV difference was initially slight above 

0.1 V. The difference grew gradually for about 80min, and after that it was 

drastically increased due to a sharp decrease in OCV of PVD cell. This 

difference is minor at the beginning of measurement, but for long-term 

operation, the difference could be considered as an indicator representing 

durability of the cell’s performance. Furthermore, this OCV difference can 

show that an ALD blocking layer successfully clog pinholes in PVD YSZ 

electrolyte. The possible reason for the higher degradation rate of PVD cells is 



   

 

 

51 

the annealing effect of PVD electrolyte layers. The binding force of physically 

deposited films is weaker than that of chemically deposited films
38

. Although 

the PVD electrolyte layers used in this study were deposited at room 

temperature, the cells were electrochemically measured at 500
o
C 

17
. Therefore, 

the PVD electrolyte layers will most likely be readily deformed and then 

degrade cell performance. 

The pinholes through the PVD electrolyte layers can be blocked by 

uniform and conformal deposition of an ultrathin ALD blocking layer. Figure 

3.12 shows the power density versus current density for the ALD-blocked and 

PVD cells. As clearly shown, the peak power density of the ALD-blocked cell 

(172 mW/cm
2
) was 20% higher than that of the PVD cell (146 mW/cm

2
). To 

examine electrochemical properties of EIS analysis was conducted for ALD-

blocked and PVD cells, which is presented in figures 3.13(a)(b). EIS data of 

cells with ALD were measured from high frequency (2 MHz) to low 

frequency (2 Hz) at 0.5 V and OCV bias, respectively. In EIS analysis, the 

high-frequency intersecting point between the EIS curve and real (X) axis 

indicates ohmic resistance, including current collecting and ionic resistance
39

. 

The little difference in ohmic resistance for two cells (0.03 Ω-cm
2
) indicates 

no significant changes in ohmic resistance due to ALD blocking layer 

insertion. In addition, to investigate the effects of electrolyte grain boundary 

through EIS data, the semicircles at two different bias voltages were 

comparatively characterized as shown in figure 3.13(a). Shim et al. recently 



reported that the semicircles in EIS curves at high frequencies range are 

related to grain boundary effect of electrolyte
40

. From this report, we can 

speculate that the shape of semicircles that correspond to electrolyte grain 

boundaries do not change with the change of bias voltage
6, 39-40

. In figure 

3.13(a), EIS curves in two cells did not overlap at high frequencies range, 

which indicates that cell resistance related to electrolyte grain boundary is 

negligible
39-40

. Figure 3.13(b) shows the EIS data measured under a bias 

voltage of 0.5 V. On a closer view, there are two semicircles presenting an 

appearance of overlapped two semicircles and a bigger semicircle at lower 

frequencies is regarded as interfacial resistance at the cathode side
39

. This is 

because the cathode in low-temperature SOFCs generally has significantly 

low reaction kinetics compared to the anode, which result in appearing as 

larger semicircle in EIS data
13b, 41

. As shown in this figure, the first semicircles 

of both cells are similar, but the second semicircle’s radius of the ALD-

blocked cell is 0.5 Ω-cm
2
 smaller than that of the PVD cell. This means that 

the performance difference between the two kinds of cells resulted from 

cathode charge-transfer resistance differences. Therefore, activation loss in the 

cathode side is thought to be the dominant factor affecting the performance 

(thanks to Wonjong Yu’s help, I was able to fill out this study). 
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Figure 3.10 (a) Schematic of ALD blocking layer, (b) schematic of 

electrochemical test system explained with overall layers. (c) Cross-sectional view 

of cell with ALD blocking layer from FESEM
42

 

 

 



 

 

 

 

Figure 3.11 (a) Percentage of survival electrodes for both ALD-blocked (with 

electrolyte deposited by combination of PVD and ALD) and PVD cells (with 

electrolyte deposited by PVD only), and (b) normalized overpotential for both 

ALD-blocked and PVD cells
42
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Figure 3.12 Power density and voltage versus current density curves of 

ALD-blocked and PVD cells
42 

 

 

 

 

 



 

 

 

 

Figure 3.13 Voltage bias study for an ALD-blocked cell. (b) Impedance 

comparison of ALD-blocked and PVD cells
42

 

 



   

 

 

57 

3.1.2 Electrolyte nanostructuring using ultrathin ALD YSZ 

3.1.2.1. Substrate-dependent growth for nanostructuring 

AAO substrates with differently sized nanopores are used for the 

nanostructuring of thin film electrolytes, whose surface morphologies are 

examined from regional height profiles extracted from AFM topographical 

data
43

 (figure 3.14). The distribution of the flexures shown in the height 

profiles is somewhat irregular, but the surface morphology of the AAO 

substrates is clearly distinguishable. The approximate maximum height 

differences between AAO-20 (AAO with 20 nm pores) and AAO-80 (AAO 

with 80 nm pores) are 15 nm and 50 nm, respectively. This difference is likely 

due to the differences in the sizes of the AAO nanopores. 

Four types of cells were fabricated to investigate the effects of the 

substrate shape and the electrolyte thickness on the electrochemical 

performance, as shown in the schematic diagram in figure 3.15(a). AAO 

substrates with nanopores 20 nm and 80 nm in size were used for Cell-1 and 

Cell-3, and Cell-2 and Cell-4, respectively. Thin-film electrolytes with 

thicknesses of 300 nm and 600 nm were used for Cell-1 and Cell-2, and Cell-

3 and Cell-4, respectively. In this process, a Pt bottom electrode catalyst as 

thin as 50 nm used as the anode is initially deposited on an AAO substrate to 

migrate the degree of morphological distortion of the substrate shape. Prior to 

the deposition of ALD YSZ, which serves as a protective layer, sputtered YSZ 



with relatively low step coverage is deposited onto the Pt/AAO substrates to 

prevent the bottom electrode catalyst from being blanked by the ALD YSZ. 

The thickness of the ALD YSZ protective layer to sufficiently block a few 

nanometers of the pinholes existing in the sputtered YSZ is adjusted to 50 nm 

considering the grain size of typical ALD YSZ films
44

. The surface 

morphologies of the ALD YSZ deposited onto the Pt/AAO-20 and Pt/AAO-80 

samples are appreciably different (figure 3.15(b)). In particular, Pt/AAO-80 

platform leads to the formation of a very rough surface of the ALD YSZ. 

Although the additional deposition of electrolyte materials could increase the 

distortion degree of the substrate shape, GDC with a higher surface exchange 

coefficient than YSZ is deposited onto the ALD YSZ protective layers to 

accelerate the ORR kinetics, which is well known as the most sluggish 

reaction step, leading to poor electrochemical performance of low-

temperature SOFCs
18

. Lastly, a Pt top electrode catalyst 50 nm thick which is 

used as the cathode is deposited onto the top of the electrolyte layers. The 

OCV of all cells ranges from 1.13 to 1.16 V, which indicates that the degree of 

performance degradation originating from pinholes effects through the 

electrolyte is negligible
17

. Figure 3.15(c) shows the peak power density and 

the electrolyte thickness of the four cells. The peak power density of Cell-1 is 

slightly higher than that of Cell-2. Based on the fact that the surface 

morphologies of the electrolytes with two cells as confirmed in FESEM 

imagery are nearly identical, it was considered that this difference in the peak 
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power density is caused by the differing TPB lengths on the anode side. Such 

a difference in the peak power density is likely due to the far higher AAO 

nanopore density of Cell-1 as compared to its counterpart. The Cell-3 sample, 

with a thicker electrolyte compared to Cell-1, produces a higher peak power 

density. This result is straightforward given the principle that ohmic loss 

through the electrolyte is reduced as the electrolyte become thinner
18

. 

Interestingly, the peak power of Cell-4 is considerably higher than that of 

Cell-3. 

To verify the contribution of individual resistances, polarization and 

EIS experiments were conducted for Cell-3 and Cell-4. A voltage drop 

appearing at a low current density regime (below 10 mA/cm
2
), an 

approximate indicator used to estimate the amount of activation loss, reveals 

that Cell-3 with a thinner electrolyte has less activation overpotential 

compared to its counterpart
5
 (figure 3.16(a)). EIS results show that there is a 

significant difference in the arc size between the two cells. The lack of 

overlapping of the arcs under various bias voltages indicates that all arcs are 

relevant to the reaction kinetics at the electrode-electrolyte interface
17

 (not 

shown in the figure). There are two remarkable arcs with time constants of 1 

kHz and 10 Hz (figure 3.16(b)). The individual resistances of the cells are 

estimated by a non-linear square-fitting algorithm for the selected equivalent 

circuit shown in figure 3.16(c). According to the general concept of EIS 

interpretations, two arcs drawn in higher and lower frequency regimes are 



considered as the anode and cathode resistances, respectively
17-18

. As expected, 

the anode-electrolyte interfacial resistance of Cell-4 is slightly higher than that 

of Cell-3. In contrast, the cathode-electrolyte interfacial resistance of Cell-4 is 

much lower than that of Cell-3. This result implies that the TPB length of 

Cell-4 is longer on the cathode side, as confirmed by FESEM top-view 

images, showing that the surface morphology of Cell-4 is much rougher than 

that of Cell-3 (figure 3.17). 

Compared to the nanostructuring methodology investigated in this 

study (the left side of figure 3.18), common nanostructuring methodologies of 

thin film electrolyte for TF-SOFCs have low productivity levels due to their 

relatively high number of procedures (as shown on the right side of figure 

3.18). Explicitly, this strength may explain why the nanostructuring 

methodology can be applied using a porous substrate. Nevertheless, because 

the fabrication of nanothin and dense electrolytes generally necessitates the 

use of poor cost-effective coating techniques, the nanostructuring by 

substrate-dependent growth of TF-SOFCs with porous substrates will be 

meaningful when economically appropriate coating techniques can be used as 

well. 
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Figure 3.14 AFM result of height profiles in AAO membranes with different-

sized nanopores 

 

 

 

 



 

 

 

 

Figure 3.15 (a) Schematic structures of four cells with different kinds of the 

substrate type and the electrolyte thickness, and (b) their electrolyte thicknesses 

and peak power densities 
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Figure 3.16 (a) Polarization curves of 300 nm-thick electrolyte cells on AAO 

substrates with different-sized nanopores at 450
o
C, (b) their electrochemical 

impedance spectroscopy results at 450
o
C, and (c) used equivalent circuit 

 



 

 

 

 

Figure 3.17 (a) FESEM top-view imaging of GDC on 100 nm thick YSZ and 50 

nm-thick Pt-coated AAO substrates with different-sized nanopores 
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Figure 3.18 Comparison between (left) substrate-dependent nanostructuring 

method through use of a porous substrate and a nanothin electrolyte and (right) 

common nanostructuring method based on a micro electrochemical system 

technologies, in terms of process. 

 

 

 

 

 



3.1.2.2. Enhancement in grain boundary density 

Figure 3.19 shows a schematic diagram of the micro-SOFC fabrication 

process we employed. Commercial porous AAO membranes with the 

thickness of 100 μm and pore size of 80 nm were used as the substrate for gas 

permeation and mechanical support. Figure 3.20 shows the images of ALD 

YSZ electrolyte surfaces with the thickness of 70 nm (left) and 210 nm (right) 

deposited on the Pt/AAO surface. The thin film covered the AAO surface and 

shows a bump array replicating the AAO pore surface; the distances between 

neighboring bumps are ~80 nm, which roughly corresponds to the distance 

between AAO pores. The high OCV is one of the most direct indicators of 

electrolyte integrity (in terms of gas tightness and electron blockage) in a 

micro-SOFC. The OCVs of micro-SOFCs with different YSZ thicknesses (35, 

70, 140 and 210 nm) were measured at 500
o
C. Nine cells were tested for each 

of them. While cells with YSZ thickness of 70 nm or larger showed high 

OCVs of ~1.17 V, seven out of the nine cells with 35 nm thick YSZ showed 

were electrically short-circuited (figure 3.21(a)). Therefore, we tentatively 

attest that 70 nm is the minimum thickness for a gas-tight, pinhole-free ALD 

YSZ on our platform (i.e. 320 nm thick Pt-anode deposited on an AAO 

substrate with 80 nm of pore diameter). The thicknesses of ALD YSZ and the 

corresponding OCVs were compared to those other studies on porous 

substrate-supported low-temperature SOFCs published earlier
4, 13b, 14-15, 45
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(figure 3.21(b)). It is clear that the films deposited by ALD demonstrate a 

significant decrease in the electrolyte thickness required to achieve a high 

OCV. Unlike some of the previous works, where a combination of multiple 

deposition sequences was required for a dense electrolyte, the one-step 

deposition of dense YSZ by ALD has also greatly reduced the process 

complexity. Polarization curves were obtained at 500
o
C for the micro-SOFCs 

with ALD YSZ electrolyte thickness of 70 nm and 210 nm. As shown in 

figure 3.22(a), the cell with a 70 nm thick electrolyte outperformed the one 

with a 210 nm thick electrolyte in terms of peak power density by a factor of 

1.3. Although the enhancement was expected to be due to the decrease of 

ohmic loss, this effect was insignificant as shown in figure 3.22(b). It was 

more influenced by the significant enhancement of cathodic activity
46

. Shim et 

al. previously reported that surface grain boundaries are active sites for 

oxygen incorporation for ORRs, and our AFM results revealed the 70 nm 

ALD YSZ film has 1.5-fold higher grain boundary density than 210 nm ALD 

YSZ film. The enhancement of our cathode performance by the use of a 

thinner electrolyte is attributed to the higher surface grain boundary density
40

. 

The relatively insignificant difference in ohmic resistance between them is 

ascribed to the high resistivity of porous Pt cathode (101.6 Ω-cm; a dense Pt 

film sputtered at an Ar pressure of 5 mTorr has a resistivity of 10.8 Ω-cm) 

because the current collection in our test setup was performed through a 

micro-probe tip, not a planar metallic mesh. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Schematic diagram depicting the fabrication process of AAO-

supported micro-SOFCs; step 1, AAO preparation; step 2, Pt anode deposition; 

step 3, YSZ atomic layer deposition; and step 4, Pt cathode deposition
18
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Figure 3.20 AFM topographical images of (a) 70 and 210 nm thick ALD YSZ 

films deposited on porous AAO substrates
18

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 3.21 OCV of cells with 35, 70, 140, and 210 nm ALD YSZ electrolytes 

measured at 500
o
C; (b) comparison of OCV measured among various porous 

substrate-supported SOFCs, at the temperature range from 400
o
C to 600

o
C 

18
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Figure 3.22 (a) Polarization curves and (b) AC impedance data for cells with 70 

and 210 nm thick ALD YSZ electrolyte. Obtained under DC bias voltage of 0.5 V 

at 500
o
C 

18
 

 

 

 

 

 

 



3.2 RF-sputtered GDC anode interlayer 

3.2.1 Determination of substrate temperature 

FESEM cross-sectional imaging of FIB-prepared GDC thin films deposited at 

temperatures from RT to 300
o
C presents that the apparent growth rate of GDC 

thin films linearly decreases as the substrate temperature increases; 54.5, 41.9, 

34.5, and 20.3 nm/hr at RT, 150, 300, and 450
o
C, respectively. This reducing 

tendency of the apparent growth rate is attributable to the densification by the 

enhanced mobility of Gd/O/Ce adatoms on the surface of the substrate
47

. We 

herein fixed the thickness of GDC thin films to relieve the morphological 

effects of the variation in the vertical direction
48

; the selected thickness was 

200 nm. Hereafter, 200 nm-thick GDC thin films deposited at RT, 150, and 

300
o
C are denoted as the GDC-RT, GDC-150, and GDC-300. The elevation of 

the substrate temperature in sputtering in general leads to the increase of the 

grain size by the enhancement of the adatom mobility on the surface of the 

substrate
49

. In the same vein, the grain size of GDC thin films deposited in 

this study increases as the substrate temperature increases; the grain size of 

GDC-150 and GDC-300 is 21-25 nm and 25-88 nm, respectively (figures 

3.23(a)(b)). In particular, FESEM top-view imaging of FIB-prepared GDC-

150 and GDC-300 with the explicitly different size-grains shows that physical 

defects are not clearly shown in GDC-150 with the homogeneous distribution 

of grains while GDC-300 with the inhomogeneous distribution of grains have 
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a number of physical defects of a few tens of nanometer size inside the film 

(figures 3.23(c)(d). These physical defects could result in the reduction of the 

electrical conductivity by narrowing the ionic paths. The inhomogeneous 

distribution of grains of GDC-300 is likely due to the growth at a transition 

state from the microstructural zone diagrams proposed by Thomton
50

 who 

elucidates that the elevation of the substrate temperature at high vacuum leads 

to the microstructural change of thin films. Some might expect that the 

increase of the grain size reduces the grain boundary density so that the 

electrical conductivity of the GDC thin film could increase by mitigating the 

resistive effects on the ion conductance by grain boundary regions, so-called 

ionic blocking effects
51

. However, the enhancement of the electrical 

conductivity by reduction of ionic blocking effects may be valid when the size 

of the GDC crystallites is large enough to have a great effect on the degree of 

dopant ions (Gd ions) segregation
52

. 

The morphological investigation discussed above is well in parallel 

with the results of the electrical conductivity measurement (figure 3.24); the 

electronic conductivity herein is supposed to be negligible because analysis 

environment is oxidizing atmosphere. Although the activation energy, i.e., the 

slope of electrical conductivity versus temperature, is almost same as around 

0.95 eV, the difference of the electrical conductivity (Y-axis value) is 

considerable. These results indicate that the elevation of the substrate 

temperature affecting on the density of physical defects needs to be carefully 



manipulated to obtain the high electrical conductivity in GDC thin films. 

Meanwhile, the GDC thin films fabricated in this study exhibit the lower 

electrical conductivity (and the higher activation energy) than the GDC films 

prepared by other physical vapor deposition methods, which might be due to 

the absence of post-deposition heat treatment which is the way to crystallize 

and densify thin films deposited at low temperatures
53

. 

The XPS peak intensity of Ce 3d shows that the elevation of the 

substrate temperature results in the formation of non-stoichiometric GDC thin 

films deviated from the chemical formula of CeO2 (figure 3.25(a)). Based on 

the fact that ceria are vigorously reduced at elevated temperatures in low 

oxygen partial pressures, we think that our deposition conditions of high 

temperature and high vacuum is the reason to bring about such a result
54

. We 

think that the lattice oxygen extraction originates from the ceria reduction 

could reduce the electrical conductivity followed by the destruction of the 

oxygen vacancies structure
55

. The XPS peak intensity of O 1s shows that the 

hydroxyl species are existed in GDC-RT, GDC-150, and GDC-300 (figure 

3.25(b)). Because the base pressure of the sputtering was maintained in high 

vacuum (below 1.3*10
-8

 Torr) and hydrogen-contained gases were not 

supplied, it is strongly believed that the formation of hydroxyl species in GDC 

thin films is likely due to the spontaneous chemical reaction between oxygen 

ions already existed inside the GDC thin films and water molecules supplied 

from ambient air
56

. Still, there is no large discrepancy in the peak intensity at 
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the binding energy (around 536.5 eV) corresponding to hydroxyl species, 

which presents that the substrate temperature is not the considerable 

parameter to influence on the formation of hydroxyl species in GDC thin 

films. Meanwhile, the XPS quantitative analysis shows that the Gd doping 

levels of GDC thin films are in a range from 10.5% to 11.4%, which means 

that the Gd doping level is not the factor to influence on the electrical 

conductivity
57

. The ceria reduction of GDC thin films deposited at elevated 

substrate temperatures is also confirmed from the XRD analysis in which the 

peak intensities of V’ and U’ corresponding to non-stoichiometric ceria 

appreciably increases as the substrate temperature increases
15, 58

 (figure 

3.25(c)). In opposition to the result of electrical conductivity measurements, 

the elevation of the substrate temperature more augments the peak intensity 

corresponding to GDC(111) providing the best electrical conductivity of 

oxygen ion conductors significantly increases compared to other GDC peaks
58

 

(figure 3.25(d)). Overall consideration about material properties presents that 

the actual effectiveness of crystallization of GDC thin films on electrical 

conductivity can be neglected; we speculate that the deposition temperature of 

300
o
C may have not sufficient to cause the segregation of dopant ions that 

accounts for the ion blocking effect. Instead, the presence of physical defects 

in GDC-300 played a dominant role, which finally resulted in the decrease of 

electrical conductivity in spite of the increase of crystallinity. 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.23 FESEM top-view and cross-sectional images of (a)(c) 200 nm thick of 

GDC film deposited at 150
o
C (denoted as the GDC-150) and (b)(d) 200 nm thick 

of GDC film deposited at 300
o
C (denoted as the GDC-300) 
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Figure 3.24 Electrical conductivity of GDC-150 and GDC-300, and other YSZ 

and GDC thin films deposited by PVD methods 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 3.25 XPS results for (a) Ce 3d and (b) O 1s peak intensities of 200 nm 

thick of GDC film deposited at room temperature (denoted as the GDC-RT), 

GDC-150, and GDC-300, and X-ray diffraction results for (c) GDC(220), 

GDC(311), GDC(222), and (d) GDC(111) peak intensities of GDC-RT, GDC-150, 

and GDC-300 
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3.2.2 Thickness control of anode interlayer 

Despite the weak structural stability of doped ceria under reducing 

atmosphere, the feasibility of doped ceria as single-electrolytes for low-

temperature SOFCs was reported by several groups according to the fact that 

ceria reduction at temperatures below 500
o
C is only limited to the electrolyte 

surface or thereabouts
1, 59

. In this regard, researches aiming at the use of 

nanothin doped ceria as single-electrolytes were recently carried out to further 

reduce the operating temperature of SOFCs
14-15

. However, nanothin doped 

ceria single-electrolytes exposed to reducing atmosphere generated 

considerably low open circuit voltage (below 0.7 V) and the vastly 

insufficient peak power density by the ceria reduction as well as the gas 

permeation through the electrolyte. This investigation implies that the thermal 

stability of the doped ceria needs to be considered as an important factor when 

nanothin GDC is employed as the anode interlayer. 

Using XRD analysis, we confirmed the 2-theta values for 80 nm 

GDC film treated in H2 atmosphere(50 sccm dry H2) are slightly lower than 

those treated in air atmosphere(50 sccm air) at 500
o
C for 2 hours (figure 3.26), 

which is likely due to the increase of lattice parameter by the increase of 

oxygen vacancy concentration
60

. Based on the fact that a change in structural 

property of thin film can also have a noticeable impact on its microstructural 

characteristics
61

, we tried to examine the effects of the reduction on the 



mechanical stability using various-configured electrolyte cells. Although this 

approach could seem to be an indirect way to verify such effects, the approach 

has been previously shown to be sensitive enough to reflect the electrolyte 

integrity
13a

. Figures 3.27(a)(b) show the electrolyte type and electrochemical 

performance of the tested cells, respectively. The 100 nm GDC single-

electrolyte cell (Cell 1) shows zero OCV with the ohmic resistance of ~0.001 

Ω-cm
2
. Because this result may be due to several different factors such as 

ceria reduction and/or electrode material diffusion through the grain-

boundaries of the columnar GDC electrolyte, it was difficult to figure out the 

microstructural stability of the GDC from this result only. We, therefore, 

additionally prepared 4 cells with varying electrolyte configurations in which 

a conformal and dense YSZ electrolyte layer deposited via ALD is located on 

the cathode side. First, 150 nm single-conformal YSZ electrolyte cell (Cell 2) 

generates the OCV of ~1.16 V, which means the conformal YSZ layer is 

sufficiently insulative on electronic conduction. Next, the conformal YSZ 

electrolyte layers with different thicknesses, i.e., 150 nm (Cell 3), 100 nm 

(Cell 4), and 50 nm (Cell 5) in thickness, were deposited on the GDC anode 

interlayer (100 nm thick). The OCVs and the peak power densities of cells 3-5 

are observed to be significantly lower than those of the cell 2. Also among the 

cells 3-5, the OCV and the peak power density decrease notably as the YSZ 

layer becomes thinner. We think this is because nanothin GDC anode 

interlayer under high-temperature and strong reducing atmospheric conditions 
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becomes unstable in terms of microstructure. In result, the density of 

microstructural defects in YSZ layers on the GDC layer may also increase. 

This argument is supported by the high angle annular dark field scanning 

transmission electron microscopy (HADDF-STEM) analysis result showing 

the appearance of voids (black area) in a few tens of nanometer size in the 

GDC anode interlayer (figure 3.27(c)). Resultantly, this consideration could 

present the necessity to significantly decrease the thickness of GDC anode 

interlayer compared to that of YSZ electrolyte. 

To verify the effects of GDC anode interlayer (20 nm thick) on 

electrochemical performance, low-temperature SOFCs without and with the 

GDC anode interlayer (called to Cell-A and Cell-B, respectively) were 

fabricated via sputtering. Figure 3.28(a) shows FESEM top-view images for 

400 nm Ni-AAO (left side) and 400 nm Ni-AAO coated with 20 nm GDC 

anode interlayer (right side). The GDC anode interlayer was deposited in 

granular structure, which led to the slight increase of the surface roughness: 

AFM scanning revealed that root mean square roughnesses for Ni-AAO and 

Ni-AAO with GDC anode interlayer are 21 nm and 25 nm, respectively. 

Figure 3b shows the cross-sectional HAADF-STEM image of the Cell-B (200 

nm porous Pt cathode/500 nm dense YSZ/20 nm GDC anode interlayer/400 

nm Ni dense anode) (figure 3.28(b)). HAADF-STEM imaging and EDX 

mapping results of the dashed rectangular region of figure 3.28(c) confirms 

that 20 nm GDC interlayer is uniformly positioned between the Ni anode and 



the YSZ electrolyte (figure 3.28(c)). 

EIS spectra obtained at different bias voltages (OCV and 0.5 V) for 

Cell-B are compared to identify the resistances associated with each of the 

arcs
18, 42

. Totally, three arcs are shown: there is one overlapping arc in high 

frequency regime (with a time constant of ~500 kHz) (figure 3.29(a)), which 

indicates this arc originates from ohmic process. In the meantime, two more 

arcs in medium frequency regime (with a time constant of ~50 Hz) and in low 

frequency regime (with a time constant of ~2 Hz), which we think are 

associated with activation process (anode/cathode) and mass transport process, 

respectively. Figure 3.29(b) shows the EIS spectra for Cell-A and Cell-B at 

OCV. The low frequency arc for Cell-B diverges below 2 Hz, contrary to Cell-

A, which is likely to be due to Warburg effects generally appearing in such a 

low frequency regime (< 10Hz)
62

. Because previously demonstrated SOFCs 

having identical electrode layers without doped ceria anode interlayer did not 

show any notable low frequency divergence of EIS spectra under identical 

characterization conditions, we think this Warburg effects mainly originate 

from poor mass transport on the anode side
13a, 17-18, 42

. Likewise, this argument 

corresponds well to the previous study in which doped ceria anode interlayer 

resulted in poor mass transport caused by sluggish gas diffusion through the 

doped ceria anode interlayer
39

. Least-square fitting of the medium frequency 

arc (with a time constant of 50 Hz) for Cell-B was conducted to distinguish 

anode and cathode/electrolyte interfacial resistances, which were 0.6 Ω-cm
2
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and 6.3 Ω-cm
2
, respectively. For Cell-A, the size of the medium frequency arc 

was 12.8 Ω-cm
2
, among which the cathode/electrolyte interfacial resistance 

can be estimated to be 6.3 Ω-cm
2
 because Cell-A and Cell-B have same 

cathode reaction kinetics. Therefore, the difference (5.9 Ω-cm
2
) in the size of 

the medium frequency arc between Cell-A and Cell-B can be considered to 

come from the difference in anode activation process. The faster anode 

reaction kinetics for Cell-B than Cell-A can be accounted for based on two 

phenomenological understandings: 1) there may be more catalytically active 

sites (or longer triple phase boundary length) on the anode side due to the 

infiltration of GDC into Ni anode
39

, or 2) the GDC may offer higher surface 

exchange rate at the anode side
63

. On the other hand, the high frequency 

intercept (0.36 Ω-cm
2
) of Cell-B is slightly higher than that (0.31 Ω-cm

2
) of 

Cell-A. Because the ionic resistance for two kinds of cells is almost same
13a, 18

, 

we think that Cell-B has the relatively low current collecting performance 

compared to Cell-A
64

. The possible reason for this is that the GDC anode 

interlayer may provide insufficient electron conducting paths, in spite of being 

electronically activated under high-temperature reducing atmosphere, 

resulting in higher ohmic resistance. The size of the high frequency arc (0.57 

Ω-cm
2
) with a time constant of 500 kHz for Cell-B is slightly bigger than that 

(0.41 Ω-cm
2
) for Cell-A, which is likely to be due to the increase of thickness 

and grain-boundary density of the electrolyte by the insertion of GDC anode 

interlayer. 



Figures 3.29(c) show polarization curves for two kinds of cells. The 

OCV of Cell-B is 1.15 V, which is very close to the theoretical value (1.17 V) 

at the operating conditions
62a

. With increasing the current density, the 

difference in voltage drop becomes bigger between Cell-A and Cell-B. 

Resultantly, the peak power density of the Cell-B is ~30% higher than that of 

the Cell-A. The polarization curve for Cell-B reflects negative effects relative 

to mass transport above 400 mA/cm
2
, i.e., shows a steeper voltage drop at 

high current density region
15

, which is parallel with the aforementioned 

interpretation of relevant EIS results. Exchange change current densities for 

Cell-A and for Cell-B estimated from Tafel plots are 1.27 A/cm
2
 and 1.73 

A/cm
2
, respectively, which supports that Cell-B shows faster reaction kinetics 

on the anode side than Cell-A (figure 3.29(d)). Meanwhile the OCV of Cell-B 

was retained at ~1.15 V for 5 hours at the operating temperature of 500
o
C, 

meaning that the insertion of 20 nm thick of GDC anode interlayer rarely 

affects the microstructural-stability of the electrolyte. 

 

 

 

 

 

 

 



   

 

 

85 

 

 

 

 

 

 

Figure 3.26 XRD results for 80 nm GDC films after oxidation and reduction 

processes at 500
o
C for 2 hours 

 

  



 

 

 

 

 

 

 

 

 

Figure 3.27 (a) Schematic presentation of AAO-supported cells with different 

electrolyte configuration, (b) their OCV and peak power density, at 450
o
C, and 

(c) HAADF-STEM images of AAO-supported cell with a GDC anode interlayer 

(lower side) and a 100 nm conformal YSZ (upper side) at different 

magnifications 
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Figure 3.28 (a) FESEM top-view images for 400 nm Ni (left side) and 20 nm 

GDC deposited on 400 nm Ni (right side) on AAO substrate, (b) HAADF-STEM 

image of AAO-supported YSZ electrolyte cell with a 20 nm GDC anode 

interlayer and a 200 nm porous Pt cathode, and (c) enlarged image in the dashed 

rectangular region in figure 3(b) and EDX mappings for main component 

elements in the same region 

 

 

 

 



 

 

 

 

 

Figure 3.29 (a) EIS bias study for the AAO-supported YSZ electrolyte cell with a 

20 nm GDC anode interlayer, (b) EIS results, (c) polarization curves, and (d) 

their Tafel plots for the AAO-supported YSZ electrolyte cells with and without a 

20 nm GDC anode interlayer, at 500
o
C 
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3.3 Cost-effective and thermo-mechanically stable ALD 

cathode 

3.3.1 ALD Pt nanothin film with a dense microstructure 

It has been reported that Pt applied to the electrode catalysts of fuel cells must 

possess a high purity level to exhibit high catalytic activity
65

. However, the 

impurity level of Pt thin films deposited by ALD can vary according to the 

deposition recipe used, depending also on the precursor pulsing, first purging, 

reactant pulsing, and second purging
44

. The reactant pulsing, in particular, is 

an important parameter when synthesizing pure Pt metal thin films. The 

reactant used in this study was O2 gas, which is used as a non-sticky species 

reacting well to the ligands of cyclopentadienyl-type precursors. If O2 gas can 

adequately remove ligands, the purity of the Pt films will be guaranteed. 

Otherwise, the Pt films will contain residual ligands which act as 

contaminants, or Pt oxides will be formed. To investigate the compositional 

properties of the deposited ALD Pt thin films, an XPS analysis was done for 

qualitative and quantitative assessments of the Pt, O and C atoms. When the 

O2 pulsing time was 1 s, a strong diffraction peak of C 1s was clearly noted, 

as shown in figure 3.30(a). The Pt purity was as low as 81.6% with high C 

atomic concentration of 17.8%, and atomic concentration of O was negligible, 

at 0.6%. Assuming that substrate temperature and purging time were 

appropriate, it was considered that the O2 gas supplied to the ALD chamber 



did not adequately react with the ligands. Based on this consideration, we 

increased the O2 pulsing time until the intensity of the XPS C 1s spectra was 

clearly weakened. An ALD Pt thin film deposited at an O2 pulsing time of 3 s 

exhibited atomic concentration of Pt as much as 98.5% and atomic 

concentration of C as low as 1.1%, with atomic concentration of O negligible 

at 0.4%. This compositional difference led to a significantly different sheet 

resistance. In fact, an ALD Pt thin film deposited at an O2 pulsing time of 1 s 

showed higher electrical resistivity by ~14% compared to an ALD Pt thin film 

deposited at an O2 pulsing time of 3 s, as shown in figure 3.30(b); it was 

considered that residual C and/or hydrogen atoms which were not 

appropriately removed had a negative effect on the electrical properties. On 

the other hand, the electrical resistivity (14.9 μΩ-cm) of the ALD thin film 

deposited at an O2 pulsing time of 3 s was somewhat higher than that (10.5 

μΩ-cm) of the bulk Pt due to the effect of the grain boundaries originated 

from the low-temperature vacuum deposition process
2
. Meanwhile, to 

evaluate the characteristics of the thin-film processes as a means of purity 

control, a Pt thin film was deposited by DC sputtering and then quantitatively 

analyzed by XPS. The purity of the sputtered Pt thin film was as low as 97.3% 

despite the fact that the Pt purity of the used target was 99.99%. This low Pt 

purity of the deposited film was due to the infiltration of contaminants into the 

resulting films caused by collisions between charged Ar ions and materials 

apart from the target atoms. This condition is not feasibly adjustable unless all 
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of the chamber parts are perfectly clean. 

The growth rate of the ALD Pt thin film deposited at an O2 pulsing 

time of 3 s was in good agreement with the typical growth rate of ~0.5 

Å /cycle
66

. Figure 3.30(c) shows a FESEM cross-sectional image of the 25 nm 

thick ALD Pt thin film. It was reported that the density of ALD Pt thin films 

continuously increases below ~20 nm, becoming saturated above this 

thickness. The thickness of the ALD Pt thin film used in this study was 

limited to 25 nm; these were deposited through a 500 ALD cycle considering 

the growth rate. The as-deposited 25 nm thick ALD Pt thin film was dense 

despite the fact that it consisted of nanograins ~20 nm in size. 

The electrode catalyst on the cathode had a bi-layer configuration 

which actively collected the electrons produced during the ORR at the ALD Pt 

cathode-electrolyte with columnar-grown Pd thin film applied as a current-

collecting layer
67

. Figure 3.31(a) and its inset shows a FESEM cross-sectional 

image and FESEM top-view image, respectively, of a PVD porous Pd thin 

film. The density of the porous PVD Pd thin film, estimated by means of XRR, 

was ~7.9 g/cm
3
 (the density of bulk Pd is 12.023 g/cm

3
 at room temperature). 

Figure 3.31(b) shows a FESEM cross-sectional image of an AAO template-

supported TF-SOFC with a bi-layered electrode catalyst consisting of a 25 nm 

thick ALD Pt catalytic layer and a ~200 nm thick PVD porous Pd current-

collecting layer. The anode was ~300 nm thick PVD dense Pt. The electrolyte 

was a bi-layered oxygen ion conductor consisting of ~120 nm thick YSZ on 



the anode side and ~400 nm thick GDC on the cathode side. The GDC layer 

was used to realize high reaction kinetics and low oxygen ion conductivity, 

and the YSZ electrolyte layer was applied as a blocking layer to prevent the 

reduction of the GDC layer under a low oxygen partial-pressure atmosphere at 

the anode. The detailed fabrication method of the AAO-supported TF-SOFC 

platform is available in a previous study by the authors
15

. 

If a sufficiently large amount of fuel reaches TPB sites passing 

through electrode catalysts, the cell performance of fuel cells increases as the 

operating temperature rises due to improvements of the ionic conduction 

through the electrolyte and the reaction kinetics at the electrode-electrolyte 

interface. However, the cell performance of fuel cells with Pt electrode 

catalysts may deteriorate due to agglomeration in a high-temperature 

atmosphere
68

. To investigate the agglomeration characteristics of a ~25 nm 

thick ALD Pt thin film, its surface morphology was analyzed by FESEM 

imaging at a temperature range of 400
o
C to 550

o
C with a 200 nm thick SiO2-

coated Si (100) substrate which was used to replicated metal oxide 

electrolytes. The ramp rate was set at 10
o
C/min and the annealing process 

lasted 1 hour. Figure 3.32(a) shows a FESEM top-view image of the as-

deposited ALD Pt thin film. There was no difference noted in the surface 

morphology between the as-deposited ALD Pt thin film and an ALD Pt thin 

film annealed at 400
o
C. On the other hand, an ALD Pt thin film annealed at 

450
o
C became slightly agglomerated, showing uneven regions, but the size of 
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the nano-grains did not significantly change, as shown in figure 3.32(b). After 

annealing at 500
o
C, there was a noticeable increase in the number of 

agglomerated regions, and the size of the nanograins visibly increased to ~50 

nm, as shown in figure 3.32(c). Finally, an ALD Pt thin film was severely 

agglomerated at 550
o
C, a few tens of nanometer-sized grains disappeared, and 

a few hundred nanometer-sized grains with large voids were irregularly 

formed, as shown in figure 3.32(d). From FESEM analysis results, it is 

expected that TF-SOFCs with ~25 nm thick ALD Pt electrode catalysts 

operated above 550
o
C will undergo poor electrode kinetics due to their strong 

agglomeration. However, because this FESEM analysis was not conducted 

using SOFC electrolyte materials such as YSZ and GDC electrolytes, an 

investigation of the agglomeration characteristics in actual cells is clearly 

limited
2
. 

To investigate the effects of the operating temperature on the cell 

performance, the voltage and power density versus the current density were 

obtained via a potentiodynamic polarization test with an operating 

temperature range of 400
o
C to 500

o
C. At 400

o
C, the OCV and peak power 

density of the cell were 1.03 V and ~63 mW/cm
2
, respectively, as shown in 

figure 3.33. When the operating temperature increased to 450
o
C, the OCV of 

the cell decreased by as much as 12 mV according to the thermodynamic 

characteristics of fuel cells in terms of the operating temperature
66c, 69

. The 

reduced voltage drop in the low current density region is attributed to the 



lower activation loss at a higher operating temperature. For typical low-

temperature SOFCs, the activation loss can also have an effect on the 

performance of the cell throughout the range of the current density
13a, 70

. 

Therefore, the voltage drop in the medium current density region mainly 

affected by the ohmic loss was relatively slight, a reduction of the electrolytic, 

current-collecting and electrode interfacial resistance levels is considered as 

the cause of this result. The peak power density of the cell was as high as 

~110 mW/cm
2
. In contrast, when the operating temperature reached 500

o
C, 

the cell performance significantly deteriorated, showing a reduction in the 

OCV and an increase in the cell voltage drop. It is clear that the increase in 

the voltage drop under the current load stemmed from the lack of sufficient 

reaction sites to generate electricity
2, 66c

. While an explanation of the reduction 

the OCV decreased to 0.93 V is somewhat insufficient in this study, the 

authors strongly consider the electronic shortage (or gas permeation) between 

the anode and the cathode caused by electrolyte pinholes as one of the 

effective causes. There was a voltage drop in the high current density region, 

signifying poor mass transport, which indicates that the agglomeration of the 

Pt cathode was considerably strong
70

. As a result, the peak power density of 

the cell at 500
o
C was significantly low, at ~20 mW/cm

2
. 

Meanwhile, the peak power density obtained in this study was 

almost two orders of magnitude higher than that of ALD Pt cathode cells 

fabricated by another group due to the effect of electrolyte thinning
62b

, 300 
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µm thick YSZ pellet-based ALD Pt cathode cells only generated a peak power 

density of ~3.5 mW/cm
2
 at 450

o
C. Nevertheless, the peak power density of 

the TF-SOFCs fabricated in this study was somewhat lower than that of TF-

SOFCs with a similar cell configuration designed by another group, which 

generated a peak power density that exceeded 400 mW/cm
2
 at 400

o
C 

71
. The 

authors consider that this can be attributed to a lack of sufficient TPB sites 

and poor fuel transport through the anode electrode catalysts given their dense 

microstructure. 

To investigate the electrochemical properties of a dense nano-thin 

ALD Pt cathode with the dwell time, AC impedance measurements were 

conducted for 40 minutes after the operating temperature reached 450
o
C under 

a steady-state condition. The AC impedance data with a frequency range of 1 

MHz to 10 Hz was obtained every five minutes, as shown in figures 

3.34(a)(b), after which it was fitted using an EIS fitting model, as shown in 

the inset of figure 3.34(c). The EIS fitting model consisting of three 

resistances and two constant phase elements (CPEs) was selected considering 

the electrolyte bulk (and electrical wiring) along with the electrode interface 

contributions. The high-frequency intercept corresponding to ohmic resistance 

was much lower than the electrolytic resistance, at less than 0.05 Ω-cm
2
, as 

estimated from the ion conductivity of the electrolyte, the electrolyte 

thickness and the operating temperature. Thus, it was considered that R1 is 

mainly affected by the current collector contribution. The AC impedance data 



measured at different DC bias voltages, 0.8 V and 0.1 V, was comparatively 

analyzed to evaluate the contributions of each semicircle, the form of which 

was similar without overlapping a semi-circle at higher frequencies
72

. This 

means that both semicircles are responsible for the electrode interfacial 

resistance, not the electrolytic resistance
17

. Considering that ORR is typically 

more sluggish than the hydrogen oxidation reaction, R2 and R3 denoted the 

resistance of the anode and the cathode interface resistances, respectively. R1 

and R2, having relatively small values of less than ~0.2 Ω-cm
2
, are not 

discussed in detail. R3, regarded as the cathode electrode resistance of a cell, 

was the resistance that had the strongest impact on the electrochemical 

properties, as shown in figure 3.34(c). Initially, R3 was as high as ~2.2 Ω-cm
2
, 

but it sharply decreased during 10 minutes, reaching ~1.25 Ω-cm
2
 in 20 

minutes. Afterwards, R3 gradually increased with a slope of ~16 mΩ-cm
2
/min. 

The time behaviors between the pseudo-capacitance extracted from CPE2 had 

something in common. In other words, the pseudo-capacitance decreased (or 

increased) as R3 increased (or decreased). The range of the pseudo-

capacitance was from 0.25 mF/cm
2
 to 0.33 mF/cm

2
. The micro-structural 

changes of the ALD Pt cathode over time were carefully considered to 

account for the observed resistance characteristics. It is likely that a 25 nm 

thick ALD Pt layer applied as the cathode material has a somewhat short TPB 

length due to its dense microstructure. On the other hand, the TPB length will 

gradually increase due to the formation of nanopores caused by the 
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agglomeration of the ALD Pt cathode layer, which can lead to an 

improvement in the reaction kinetics. However, the continuous agglomeration 

of Pt may cause a reduction of the TPB length and poor adhesion at the 

electrode interface. As a result, the reaction kinetics will deteriorate until the 

microstructural change of the Pt becomes saturated. This consideration cannot 

explain all of the phenomena for R3, but the authors strongly consider the 

micro-structural change of the ALD Pt layer to be the main parameter leading 

to such results. Although porous Pd used as a current collecting layer may also 

agglomerate in a high-temperature atmosphere, the micro-structural change of 

porous Pd was not considered as a parameter that had an impact on the 

reaction kinetics due to its relatively low surface energy
73

. 

Meanwhile, it was recently shown that an ultra-thin Pt thin film 

fabricated by ALD can also serve as an electrode catalyst without an 

additional current collecting layer
62b

, which indirectly means that the porous 

palladium current collecting layer used in this study may have a negative 

effect on the diffusion of the fuel. Therefore, future works include a 

demonstration of TF-SOFCs with nano-thin dense ALD Pt electrode catalysts 

without a current collecting layer. 

 

 

 

 



 

 

 

 

Figure 3.30 (a) XPS C 1s spectra and (b) electrical resistivity of 25 nm thick ALD 

Pt films deposited with O2 pulsing times of 1s and 3 s, and (c) a FESEM cross-

sectional image of the 25 nm thick ALD Pt thin film deposited through a 500 

ALD cycle with a growth rate of ~0.5 Å /cycle, with a 300 nm thick SiO2-coated Si 

(100) wafer was used as a substrate
17
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Figure 3.31 (a) FESEM cross-sectional and top-view images of the bi-layered thin 

film consisting of a lower ALD Pt layer and an a upper PVD porous palladium 

layer, and (b) a FESEM cross-sectional image of the AAO-supported TFSOFC 

with a bi-layered electrode catalyst on the cathode side
17

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 FESEM top-view images of (a) a 25 nm thick as-deposited ALD Pt 

thin film and the ALD Pt thin films annealed at (b) 450
o
C, (c) 500

o
C and (d) 

550
o
C, with annealing conducted for 1 hour

17
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Figure 3.33 Effect of the operating temperature on the voltage and power density 

versus current density
17

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 (a) An initial Nyquist plot at 450
o
C and its fitting, (b) A Nyquist plot 

in 40 minutes at 450
o
C and its fitting, and (c) the contribution of the individual 

resistances with a dwell time of 450
o
C 

17
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3.3.2 ALD zirconia bearing agent for Pt cathode 

Pt with highly catalytic activity need to be used as the cathode 

material for low-temperature SOFCs, but their durability is significantly low 

due to the high surface energy. To enhance the durability of porous Pt thin 

film, we applied ALD to coat the metal oxide with relatively higher thermo-

mechanical stability onto the porous Pt thin film simulating the Pt cathode 

with a porous microstructure. Zirconia was selected as the bearing agent, 

which was deposited during 50 cycles generating particles, not fully-covered 

film. FESEM top-view images in figure 1 show the interface (subsurface) of 

porous Pt thin films deposited onto the ALD YSZ in which delamination 

cantilever bean technique
74

 was employed to observe the actual TPB between 

the ALD YSZ electrolyte and the porous Pt cathode (figure 3.35(a): non-

annealed, without coating coating, figure 3.35(b): annealed, without coating, 

figure 3.35(c): non-annealed, with coating, and figure 3.35(d): annealed, with 

coating). The annealing temperature of 500
o
C was selected in consideration of 

the agglomeration degree of the Pt thin film. The porous Pt thin film with no 

ALD zirconia coating was severely agglomerated after the annealing 

procedure, but the porous Pt thin film with ALD zirconia coating retained its 

surface morphology. The morphological difference between non-annealed 

porous Pt thin films may be due to the substrate heat during the deposition of 

the ALD zirconia. Putting characterization results together, we can opt for the 



ALD bearing agents to enhance the durability of the porous Pt cathode (thanks 

to Sanwi Kim’s help, I was able to fill out this study). 
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Figure 3.35 FESEM top-view images of (a) non-annealed Pt film without ALD 

zirconia coating, (b) annealed Pt film without ALD zirconia coating, (c) non-

annealed Pt film with ALD zirconia coating, and (d) annealed Pt film without 

ALD zirconia coating 

 

 

 

 

 

 

 

 

 



4. Concluding Remarks 

4.1 Conclusion 

We studied nanoporous substrate-supported low-temperature SOFCs with a 

multilayered nanothin film electrolyte consisting of a PVD-deposited doped-

ceria layer and an ALD-deposited stabilized-zirconia layer. First, the ALD 

process is highly feasible for realizing an ultrathin and reliable stabilized-

zirconia blocking layer for the doped-ceria thin film electrolyte supported on a 

nanoporous substrate. Second, the cost-effective nanostructuring of doped-

ceria thin film electrolytes can be realized by a combination of ALD-

deposited stabilized-zirconia blocking, electrolyte thinning, and a nanoporous 

substrate. Third, the combination of ALD of the nanothin Pt film and an 

oxide-bearing agent is expected to lead to the fabrication of economical and 

durable cathodes. Ultimately, the authors predict that the experimental results 

and discussion presented in this study can be used to develop high-

performance SOFCs which are capable of operating at low temperatures. 
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4.2 Future work 

The coating of nanothin film electrolytes and functional interlayers to improve 

the reaction kinetics at the electrode/electrolyte interface herein is eventually 

intended to enhance the electrochemical performance of low-temperature 

SOFCs. Nevertheless, the TF-SOFCs demonstrated in this study generate 

lower power densities than the latest TF-SOFCs operated at the same 

temperature. Considering that the electrochemical performance of low-

temperature SOFCs is affected remarkably by the reaction kinetics at the 

electrode/electrolyte interface, the use of mixed ionic-electronic conducting 

electrodes and the microstructural optimization of these electrodes are 

expected to lead to the generation of sufficient output power. 
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국문초록 

원자층 증착법과 스퍼터링으로 제작된 산소 이온 전도성 박막 고체

산화물 연료전지가 500 도 부근에서 전기화학적으로 평가되었고, 그

들의 물질 특성이 분석되었다. 잘 정렬된 나노포어를 가지는 양극

산화 알루미늄 막이 하부 수소극, 상부 공기극, 그리고 중간 전해

질 박막에 대한 지지체로 사용되었다. 원자층 증착법으로 제작된 

수십 나노미터 두께의 이트리아 안정화 지르코니아는 수소극이 코

팅된 양극산화 알루미늄 지지체 상에서 가돌리늄이 도핑된 세리아 

박막 전해질이 고온의 환원 환경에 노출되는 것을 효과적으로 막아

주었고 이는 세리아의 물리화학적 안정성을 보장하였다. 수소극이 

코팅된 양극산화 알루미늄 지지체 상에서 원자층 증착법으로 보호

된 가돌리늄이 도핑된 세리아 박막 전해질을 더욱 얇게 하는 것은 

기판 의존 성장에 기인하는 전해질의 나노구조화와 이에 따른 공기

극/전해질 계면에서의 전해질 나노결정립계 밀도의 향상을 통해 산

소 환원 반응 속도를 증가시켰다. 나노구조화된 가돌리늄이 도핑된 

세리아 박막 전해질 상에 원자층 증착법으로 증착된 매우 얇고 치

밀한 백금은 매우 높은 공기극 촉매활성도를 보이며 물리적 증착법

에 의해 증착되는 상대적으로 두꺼운 백금을 대신할 수 있었다. 
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주요어: 원자층 증착법, 계면, 가돌리늄이 도핑된 세리아, 

나노스케일 전해질, 고체산화물 연료전지 
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