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5 Thin Coating Technologies 
and Applications in 
High-Temperature Solid 
Oxide Fuel Cells

San Ping Jiang

5.1 INTRODUCTION

A solid oxide fuel cell (SOFC) is an electrochemical device to convert the chemical energy of fuels, 

such as hydrogen and hydrocarbons, to electricity, with potential applications in transportation, 

distributed generation, remote power, defense, and many others [1–3]. They offer extremely high 

chemical-to-electrical conversion effi ciencies because the effi ciency is not limited by the Carnot 
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cycle of a heat engine. Further energy effi ciency can be achieved when the produced heat is used in 

combined heat and power, or gas turbine applications. Furthermore, the greenhouse gas emission 

from an SOFC is much lower than that from conventional power generation technologies. Due to 

its high operating temperature, an SOFC has a high tolerance to typical catalyst poisons, produces 

high-quality heat for reforming of hydrocarbons, and offers the possibility of direct utilization of 

hydrocarbon fuels.

An individual SOFC cell is composed of a porous anode or fuel electrode, a fully dense solid 

electrolyte, and a porous cathode or air electrode (see Figure 5.1) [4]. Driven by the differences 

in oxygen chemical potential between fuel and air compartments of the cell, oxygen ions migrate 

through the electrolyte to the anode where they are consumed by oxidation of fuels such as hydro-

gen, methane, and hydrocarbons (CnH2n+2). Thus, the electrolyte must be dense in order to separate 

the air and fuel, must possess high oxygen ionic conductivity but negligible electronic conductiv-

ity, and must be chemically and structurally stable over a wide range of partial pressure of oxygen 

and temperatures [5]. On the other hand, the cathode and anode must be porous, chemically and 

thermally compatible with the electrolyte and interconnect, and be electrocatalytically active for 

the oxygen reduction and fuel oxidation reaction, respectively. In the case of hydrocarbon fuels, 

the anode must also possess certain tolerance toward sulfur and carbon deposition under SOFC 

operating conditions. Yttria-stabilized zirconia (YSZ) is the most commonly used solid electro-

lyte, while lanthanum strontium manganite (LSM) and nickel-YSZ often serve as the cathode 

and anode, respectively. Issues facing the development of electrode materials of SOFC have been 

reviewed [4,6,7].

Traditional SOFCs operate at high temperatures (900°C–1000°C) because of the low oxygen ion 

conductivity and high activation energy of oxide electrolytes such as YSZ. However, lowering of the 

operating temperature of SOFCs brings both dramatic technical and economic benefi ts. The cost of 

an SOFC system can be substantially reduced by using less costly metal alloys as interconnect and 

compliant temperature gaskets [8]. Furthermore, as the operation temperature is reduced, thermody-

namic effi ciency, system reliability, and durability of cell performance increase. This increases the 

possibility of using SOFCs for a wide variety of applications, including residential and automotive 

applications. On the other hand, reduction in operation temperature results in a signifi cant increase 

in the electrolyte and electrode resistivity and the polarization losses. To compensate for the perfor-

mance losses associated with a lower operating temperature, the thickness of electrolyte layer has to 

be reduced in order to lower the ohmic resistance of the cell. Using a thin electrolyte layer, the elec-

trolyte can no longer mechanically support the cell. Thus, anode- or cathode-supported structures 

need to be employed. Anode-supported structure based on Ni/YSZ or Ni/GDC (Gd-doped ceria) 

Cathode

Electrolyte
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Fuel Anode reactions:
H2 + O2–

CnH2n+2 + (3n+1)O2– nCO2 + (n+1)H2O + (6n+2)e–
CO + O2–

H2O + 2e–

CO2 + 2e–
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½ O2 + 2e– O2–
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FIGURE 5.1 Schematic diagram of a solid oxide fuel cell. (From Jiang, S.P., J. Mater. Sci., 43, 6799, 2008. 

With permission.)
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cermets is the most popular one for the deposition of a thin electrolyte fi lm on a thick, mechanically 

strong, and porous anode substrate.

The state-of-the-art anode-supported SOFC is based on porous Ni/YSZ cermets as a support. 

The anode support usually consists of a relatively thick porous supporting substrate and a thin and 

fi ne structured electrode layer, the anodic function layer (AFL). To reduce the electrolyte ohmic 

resistance and to enhance the cell effi ciency, the electrolyte layer deposited should be as thin as pos-

sible. In addition, the thin electrolyte layer on the Ni/YSZ anode porous substrate/support should 

also have (1) high ionic conductivity, (2) high density and uniformity to minimize the fuel or oxidant 

crossover, (3) enough mechanical strength to resist high gas pressure gradient, and (4) good chemi-

cal and thermal compatibility with the anode as well as cathode without forming resistive phases 

at the electrode–electrolyte interface. Deposition techniques for the fabrication of thin and dense 

electrolyte fi lms for SOFCs were reviewed by Will et al. [9].

Chromia-forming ferric stainless steel has been considered to be the primary candidate as the 

interconnect material for SOFCs for the intermediate temperature SOFCs, IT-SOFC, due to the eco-

nomic and easy processing benefi ts. However, chromia-forming alloy forms a chromium oxide scale 

at the SOFC operation temperature. Without effective protective coating, the vaporization of chro-

mium species poisons the cathode of SOFCs and seriously degrades the cell performance [10]. To 

reduce the growth rate of the oxide scale and the vaporization of chromium species, a thin and dense 

coating is commonly deposited on the metallic interconnect. In this case, the thin coating technique 

should not only deliver a protective fi lm with high density and pore free or at least with no cross pores, 

but also with the targeted composition and stoichiometry to ensure the high electrical conductivity.

Micro-fuel cells are a potential replacement for high effi ciency and high specifi c energy batteries 

in portable power generation. To date, miniaturized fuel cells utilizing proton exchange membranes 

and liquid methanol fuels (i.e., direct methanol fuel cells or DMFCs) have been the primary focus 

of interests. However, high loading of precious metal catalysts such as Pt and PtRu is required for 

DMFCs to obtain the benefi cial energy output due to the CO poisoning, and under operating condi-

tions methanol crossover is still a serious problem [11,12]. Due to the persistent challenges with poly-

mer-based fuel cells, there is a growing interest in the development of micro-SOFCs or μ-SOFCs for 

portable power sources. With these systems, hydrocarbon fuels, in addition to hydrogen, can be used 

directly at the anode and this reduces the need for the preforming of fuels [13]. To develop μ-SOFCs, 

the design of the support structure and the deposition techniques for the thin-fi lm electrolyte have 

been the areas of challenge [14]. This chapter will focus on the most commonly used thin-fi lm tech-

niques for the fabrication and development of thin-fi lm components such as electrolyte, electrode 

and protective coatings in SOFCs. The techniques are classifi ed into chemical and physical methods 

based on the nature of the process. Examples are given for the preparation and characterization of 

electrolyte fi lms as well as electrode and protective coating for metallic interconnect of SOFCs.

5.2 CHEMICAL DEPOSITION METHODS

Chemical methods can be further divided into chemical vapor deposition and liquid precursor tech-

niques. There are two main chemical vapor deposition techniques: chemical vapor deposition (CVD) 

and electrochemical vapor deposition (EVD). These methods make it possible to control chemical 

composition and to form a dense fi lm. They are also known to be suitable for mass production. 

Chemical methods based on liquid precursor methods will be reviewed separately in Section 5.4.1.

5.2.1 CHEMICAL VAPOR DEPOSITION AND ATOMIC LAYER DEPOSITION

Chemical vapor deposition or CVD is a chemical process in which one or more gaseous precursors 

form a solid material by means of an activation process. CVD has been widely used for fabricating 

microelectronics. Therefore, the underlying processes are well understood.

93932_C005.indd   15793932_C005.indd   157 2/10/2010   5:55:50 PM2/10/2010   5:55:50 PM



158 Organic Nanostructured Thin Film Devices and Coatings for Clean Energy

A schematic diagram of a typical CVD apparatus is shown in Figure 5.2 [15]. Typically, 

fused-silica glass is used as the substrate material, which is heated to a deposition temperature of 

600°C–1200°C depending on the reactivity of the precursors. For fabricating SOFC components, 

halogen compounds such as ZrCl4 and YCl3 [16,17] and metal organic compounds such as metal 

alkoxides [18] or β-diketones [15] have been used as precursor materials. Growth rates of the fi lm 

thickness are in the range of 1–10 μm h−1, depending on the evaporation rate and substrate tempera-

ture. The capital cost for the CVD equipment is relatively high [19].

Atomic layer deposition (ALD) is a modifi ed CVD technique. In ALD, the substrate surface 

is exposed alternately to different vaporized precursors. Because gaseous precursors are strictly 

separated from each other during deposition and the precursors have self-limiting chemistry, one 

reaction cycle may produce only one atomic layer. For this reason, ALD can be an ideal technique 

to grow ultrathin oxide fi lms because composition of ALD fi lms can be altered at each atomic layer 

with desired ratio. The growth rate for zirconia is 0.1–0.17 nm/cycle [20].

Prinz’s group [21] fabricated freestanding ultrathin YSZ electrolyte fi lms with a target stoichiom-

etry, (ZrO2)0.92(Y2O3)0.08, by ALD. For ZrO2 and Y2O3, commercial tetrakis(dimethylamido)zirconium 

(Zr(NMe2)4) and tris(methylcyclopentadienyl)-yttrium (Y(MeCp)3) were used as precursors with dis-

tilled water as oxidant. ALD YSZ fi lms were grown on a Si3N4-buffered Si(100) wafer substrate. After 

ALD deposition, silicon nitride layer was removed by plasma-assisted chemical etching, leaving free-

standing YSZ layers. Porous Pt layers were deposited using direct current sputtering as cathode and 

anode. A maximum power density of 270 mW cm−2 was reported for a cell based on an ultrathin YSZ 

fi lm of 60 nm at 350°C. By using corrugated thin-fi lm YSZ electrolyte design, the maximum power 

density was reported to increase to 677 mW cm−2 at 400°C [22]. However, the success rate of the cells 

would be limited by the possible electric shorts between electrodes through the nanoscale electrolyte.

5.2.2 ELECTROCHEMICAL VAPOR DEPOSITION

Electrochemical vapor deposition or EVD is a modifi ed CVD process, originally developed by 

Siemens Westinghouse for the fabrication of thin YSZ electrolyte layer on tubular SOFCs [23]. 

EVD is a two-step process. The fi rst step involves the pore closure by a normal CVD-type reac-

tion between the steam (or oxygen), metal chloride, and hydrogen through the porous air electrode 

(phase I). These react to fi ll the air electrode pores with the yttria-stabilized zirconia electrolyte 

according to the following reaction:

 2 22MeCl H O 2MeO 2 HCly yy y+ = +  (5.1)

 2 2 24MeCl O H 4MeO 4 HCly yy y y+ + = +  (5.2)

Boat A

Boat B

Vaporizer A

Vaporizer BSubstrateReactor (quartz glass)

Thermocouple

Vacuum system
Furnace

Carrier gas

Oxygen

FIGURE 5.2 Schematic diagram of a CVD for preparation of Y2O3-ZrO2 fi lms. (From Aizawa, M. et al., 

Nippon Seramikkusu Kyokai Gakujutsu Ronbunshi—J. Ceram. Soc. Jpn., 101, 291, 1993.)
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where

Me is the cation species (zirconium and/or yttrium)

y is the valence associated with the cation

After the pores in the air electrode are closed, fi lm growth then proceeds due to the presence 

of an electrochemical potential gradient across the deposited fi lm. In this step oxygen ions formed 

on the water vapor side of the substrate (i.e., the high oxygen partial pressure side) diffuse through 

the thin metal oxide layer to the metal chloride side (i.e., the low oxygen partial pressure side). The 

oxygen ions react with the metal chloride vapor to form the metal oxide products. The solid product 

or electrolyte is deposited as a thin fi lm spreading over the internal pore surface in a desired region 

across the air electrode or membrane substrate. This second stage of the reaction is termed the 

electrochemical vapor deposition or EVD (phase II). Figure 5.3 shows the schematic diagram of the 

basic principles of the EVD process [23].

The growth of YSZ electrolyte fi lm by the EVD process is parabolic with time and the 

rate-determining step in the EVD process was found to be the electronic transport through the 

electrolyte fi lm [23]. The EVD techniques were used by others for the fabrication of thin YSZ elec-

trolyte fi lms and thick Ru/YSZ cermet anodes [24,25]. The dissociated oxygen from metal oxide 

substrates, such as NiO, was also suggested as an oxygen source for the reaction instead of gaseous 

oxygen to form dense YSZ electrolyte fi lms [26]. The effect of NiO content of the substrate on the 

growth rate of YSZ fi lm was studied in detail by Kikuchi et al. [27]. The high reaction temperature, 

the presence of corrosive gases, and relatively low deposition rates are some of the limiting factors 

in the application of EVD process in SOFCs.

5.3 PHYSICAL DEPOSITION TECHNIQUES

Physical deposition techniques reviewed in this chapter such as magnetron sputtering, laser abla-

tion, and plasma spray have the common feature that atoms are brought to the gas phase through 

a physical process from a solid or molten target. The processes include evaporation, sputtering, 

laser ablation, and hybrid methods. The deposited fi lms are typically polycrystalline with columnar 

structure, and the grain size can be tailored by varying the deposition conditions.

5.3.1 MAGNETRON SPUTTERING TECHNIQUES

Magnetron sputtering is one of the most common physical deposition techniques that is widely 

used to grow alloy and component fi lms in which one or more of the constituent elements are vola-

tile. Low-defect-density fi lms of high-melting point materials can be grown on unheated substrates 

because phase formation is mainly governed by kinetics, rather than by thermodynamics.

Oxygen and steam

Phase I:
Pore closure by CVD

H2O

MeCl2 vapor
O2–

e

H2

Phase II:
Film growth by EVD

FIGURE 5.3 Schematic diagram of the EVD process. (From Pal, U.B. and Singhal, S.C., J. Electrochem. 
Soc., 137, 2937, 1990.)
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Radio frequency (RF) magnetron sputtering using an oxide target and DC reactive magnetron 

sputtering using metallic targets have been utilized to produce YSZ thin fi lms of high quality. RF 

sputtering has frequently been utilized to deposit YSZ thin fi lms in part because of the ability to use 

either metallic or electrically insulating oxide target and the generally high quality of the deposit. In 

RF-sputtering deposition, an evacuated chamber is fi lled with the sputtering gas. A large negative 

voltage is applied to the cathode. The sputtering gas forms a self-sustained glow discharge. Physical 

sputtering of the target occurs when positive ions from the plasma that are accelerated across the 

gap strike the target surface. A metal oxide fi lm is grown by sputtering a metal target in a discharge 

containing oxygen, usually in conjunction with a noble gas. The metal, metal oxide, and oxygen 

species that arrive at the substrate are adsorbed and ultimately incorporated into stable nuclei to 

form a continuous fi lm. Oxygen is often included in the sputtering gas mixture as a means of con-

trolling the metal to oxygen ratio in the target. However, RF-sputtering deposition rate decreases 

signifi cantly with increased oxygen partial pressure [28]. Figure 5.4 shows apparatus and schematic 

diagram of a magnetron sputtering system.

DC current magnetron sputtering has also been widely used to deposit thin YSZ electrolyte onto 

porous supports [29–31]. The target can be a single target consisting of an alloy of zirconium and 

yttrium or can be multiple targets of the pure metal, where the composition of the deposit is con-

trolled by the relative exposed surface area of the targets. Barnett and coworkers described the for-

mation of fully dense YSZ thin fi lms on porous as well as dense electrode substrates by reactive DC 

current magnetron sputtering with postdeposition annealing temperatures as low as 350°C [30,32]. 

Electrical conductivities of the YSZ deposit were similar to those fi lms formed by other methods. The 

metal-to-oxygen ratio in the deposit was found to depend critically on the oxygen partial pressure in 

the sputter gas. Similar to RF sputtering, deposition rates are adversely affected by the oxygen par-

tial pressure in the sputtering gas for DC reactive magnetron sputtering of YSZ fi lms. This behavior 

was shown to be particularly apparent for oxygen partial pressures less than 10 × 10−4 mbar, as shown 

in Figure 5.5 [33]. The deposition rate dropped dramatically from ~700 nm h−1 at 7.5 × 10−4 mbar 

to ~100 nm h−1 when the oxygen partial pressure was higher than 10 × 10−4 mbar.

Surface morphology of the substrate such as pore size and pore size distribution is critical for the 

deposition of thin and high dense electrolyte fi lm on the Ni/YSZ anode substrates as the morphol-

ogy of the deposited fi lm follows that of the substrate surface. Figure 5.6 shows the morphology of 

the YSZ fi lm deposited on YSZ and Ni/YSZ cermet substrate by magnetron sputtering [6]. Thin 

YSZ fi lm deposited is characterized by columnar structure and has the same grain and grain bound-

ary pattern as that of the YSZ substrate (see Figure 5.6a), indicating that the surface morphology of 

the YSZ thin fi lm follows closely the morphology of the substrate. The large pores on the substrate 

surface resulted in open pores on the YSZ electrolyte fi lms deposited; see Figure 5.6b and c. Thus 

the pores diameter of the substrate surface needs to be in the order of the grain size of the deposited 

1
2

3
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8

(a) (b)

7

5

4

FIGURE 5.4 Outlook (a) and schematic diagram (b) of a magnetron sputtering system. In (b), 1. Gas feed 

line, 2. Magnetrons, 3. Cryogenic pump, 4. Rotary pump, 5. Butterfl y valve, 6. Substrate holder, 7. Load lock, 

8. Gate valve. (Courtesy of Dr. Liu Erjia, Nanyang Technological University, Singapore.)
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FIGURE 5.5 Relation of YSZ deposition rate by DC reactive magnetron sputtering to oxygen fl ow rate and 

oxygen partial pressure. (From Fedtke, P. et al., J. Solid State Electrochem., 8, 626, 2004.)

(a)

(c)

(d)

(b)
Sputtered YSZ film

YSZ substrate

Pore in the Ni/YSZ substrate

2 μm5 μm

(e)

2 μm

1 μm 2 μm

Pore in the film

Deposited YSZ film

FIGURE 5.6 Morphology of the YSZ thin fi lm deposited on YSZ and NiO/YSZ cermet anode substrate by 

magnetron sputtering. (a) YSZ fi lm deposited on YSZ substrate, (b) and (c) YSZ fi lm deposited on NiO/YSZ 

ceremt substrate, showing that the defects in the YSZ electrolyte fi lm is due to the large pores on the anode 

substrate surface, (d) and (e) dense and uniform YSZ fi lm on NiO/YSZ anode substrate with optimized surface 

morphology. (From Jiang, S.P. and Chan, S.H., J. Mater. Sci., 39, 4405, 2004. With permission.)

93932_C005.indd   16193932_C005.indd   161 2/10/2010   5:55:51 PM2/10/2010   5:55:51 PM



162 Organic Nanostructured Thin Film Devices and Coatings for Clean Energy

fi lm to achieve dense and uniform YSZ electrolyte fi lms; see Figure 5.6d and e. This can be done by 

using an interlayer or functional layer with fi ne microstructure and low porosity [34]. The function 

layer is also used to promote the electrode reaction at the electrode–electrolyte interface [35,36].

Huang et al. [37] fabricated thin-fi lm solid oxide fuel cell structure containing ultrathin YSZ elec-

trolyte membrane 50–150 nm thick using RF sputtering, lithography, and etching. The porous Pt anode 

and cathode were deposited by DC sputtering at 10 Pa Ar pressure, 100 W, and room temperature. 

Dense YSZ electrolyte fi lms were deposited at 200°C by RF sputtering. Pt and Y0.16Zr0.84O1.92 were used 

as the DC and RF-sputtering targets, respectively. The maximum power density achieved is 200 mW 

cm−2 at 350°C. DC magnetron sputtering was used by Srivastava et al. [29] to deposit YSZ electrolyte 

fi lms (5–16 μm) on Ni/YSZ anode substrates. In order to ensure a dense and impervious electrolyte 

layer it is desirable to optimize the deposition conditions such that YSZ fi lms would remain in a state 

of compressive stress while adhering to the Ni/YSZ substrate. This implies that only a narrow range of 

deposition conditions would be suitable. The pressure in the sputtering chamber and the fl ow of oxy-

gen close to the critical zone during deposition were shown to be important parameters and required 

careful control [29]. Magnetron sputtering was also used to deposit a GDC protecting layer on YSZ 

electrolyte to prevent Sr2+ migration from (La,Sr)(Co,Fe)O3 cathode toward the YSZ electrolyte [38].

Magnetron sputtering techniques combined with photolithography are used to produce unique, 

patterned electrodes such as LSM, Ni, platinum, and gold. The patterned, thin, dense, and uniformly 

structured electrodes allow the fundamental aspects of the reaction mechanism to be studied, which 

is not possible with conventional, heterogeneous, porous electrode structure. Horita et al. [39] stud-

ied the active site distribution of the O2 reduction reaction on patterned LSM electrodes and demon-

strated by SIMS that the O2 reduction reaction occurs primarily at the three phase boundaries (TPB) 

where LSM cathode, oxygen reactant gas, and TSZ electrolyte meet. The linear relation between the 

length of TPB and the rate of the reaction was also found for the H2 oxidation reaction on patterned 

Ni anodes of SOFCs [40]. Sputtering method is also used to prepare protective coating for metallic 

interconnect. Lee and Bae [41] applied RF magnetron sputtering technique to deposit La0.6Sr0.4CrO3 

(LSCr) and La0.6Sr0.4CoO3 (LSCo) as an oxidant-resistant coating on Fe-Cr ferric stainless steel 

SS430. The oxide layer shows dense structure and good adhesion to the SS430 alloy. LSCr-coated 

SS430 has a low electrical resistance as compared to LSCo-coated SS430 probably due to the low 

diffusivity of manganese or chromium in the LSCr layer. The RF magnetron sputtered lanthanum 

chromite fi lm on a stainless steel substrate formed the orthorhombic perovskite structure after being 

annealed at 700°C, and exhibited a dendritic microstructure [42].

5.3.2 PULSE LASER DEPOSITION

Pulse laser deposition (PLD) or laser ablation is a physical method of thin-fi lm deposition in which 

a pulsed laser beam, usually of wavelength in the UV range, is employed to ablate a target com-

posed of the desired thin-fi lm composition, which is subsequently deposited onto a substrate. The 

usual range of laser wavelengths for thin fi lm growth by PLD lies between 200 and 400 nm for 

most materials. In PLD, the temperature of the substrate is one of the main parameters affecting 

atomic surface mobility during the deposition process. PLD enables fabrication of multicomponent 

stoichiometric fi lms from a single target, and with an appropriate choice of the laser (e.g., Nd:YAG, 

KrF, XeCl), any material can be ablated and the growth can be carried out in a pressure of any kind 

of gas, reactive or not. Shown in Figure 5.7 is the schematic diagram of a pulse laser deposition 

process using KrF excimer laser [43].

The microstructure of the PLD fi lms depends on the substrate temperature and pressure. 

Mengucci et al. [44] reported the formation of dense YSZ fi lms by PLD at room temperature and 

oxygen pressure below 0.05 mbar. On the other hand, highly porous YSZ fi lms can be obtained at 

high pressure of 0.3 mbar [45]. Infortuna et al. [46] studied in detail the characteristics of YSZ and 

GDC thin fi lms by PLD and the microstructure of GDC and YSZ thin fi lms deposited ranges from 

highly porous to dense depending on the substrate temperature and oxygen pressure during the 
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deposition process. Figure 5.8 shows a typical SEM micrograph of a dense YSZ thin fi lm deposited 

at 800°C and structure map for GDC and YSZ thin fi lms deposited by PLD [46]. The electrical 

conductivity of the PLD fi lms appears to be lower than that of the bulk materials. For example, the 

conductivity of a thin YSZ fi lm deposited at 400°C in 0.026 mbar is 3 × 10−4 S cm−1 at 500°C, signifi -

cantly lower than the conductivity value of ~10−3 S cm−1 for single YSZ crystal. Low electrical con-

ductivity for YSZ thin fi lms by PLD is also reported by Joo and Choi [47]. One potential problem 

is that PLD techniques result in crystalline microstructures that usually show columnar grains and 

texture, resulting in unfavorable anisotropic electrical conductivity [48]. Similar to the magnetron 

sputtering techniques, the surface artifacts of the function layer should also be smaller than the fi lm 

thickness in order to avoid the defects on the YSZ fi lm deposited by PLD technique [49].

PLD has been used to deposit multielement fi lms such as LSM for SOFC [50]. Due to its unique 

method of dislodging atoms from the target, PLD provides some distinct advantages among thin-fi lm 

Substrate
Vacuum pump

10–4 torr oxygen

KrF
excimer laser

Heater

Target

FIGURE 5.7 Schematic diagram of a pulse laser deposition process using KrF excimer laser. (From Suzuki, 

M. et al., Solid State Ionics, 96, 83, 1997.)
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FIGURE 5.8 SEM micrograph of a dense YSZ thin fi lm deposited at 800°C under 0.026 mbar oxygen pres-

sure on a Si/SiO2/TiO2/Pt substrate (a); and structural map for GDC and YSZ thin fi lm deposited by PLD (b). 

The normalized deposition temperature was calculated from the melting temperature of the materials (2500°C 

was used for both YSZ and GDC). (From Infortuna, A. et al., Adv. Funct. Mater., 18, 127, 2008.)
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techniques. Due to the weak interaction of lasers with gaseous species, ambient atmospheres can be 

used with little contamination, a signifi cant advantage as compared to other deposition techniques 

based on ions or electrons. Thus, stoichiometric materials transfer from the target to the substrate 

could be achieved. Koep et al. [51] studied microstructure and electrochemical properties of LSM 

and LSC prepared by PLD. Deposition of LSM above 500°C results in thin fi lms in the orthorhom-

bic phase while the low-temperature-grown LSM fi lms are amorphous. The stoichiometry of the 

fi lm is the same as the target composition and the conductivity of the LSM dense fi lm is 21 S cm−1 

at 700°C. Microfabrication process in combination of photolithographic process is also used to pro-

duce well-defi ned three-dimensional geometries for the investigation of electrode reaction process 

and reaction sites at LSM electrode materials [52]. PLD is also used to fabricate cobalt and ferrite–

based perovskite cathodes such as La0.6Ca0.4Fe0.8Ni0.2O3 − x (LSFN) [53] and (La,Sr)CoO3 (LSCo) 

[54] on YSZ electrolyte because the crystalline phase of the perovskite can be formed at substrate 

temperature of 700°C to avoid the interfacial reaction between YSZ and lanthanum cobaltite–based 

cathodes. Reasonable area specifi c resistance (ASR) of 1.59 Ω cm2 at 850°C was reported on the 

LSFN dense cathode layer by PLD [53]. Due to the dense structure of the PLD fi lms, PLD method 

would be best suitable for the electrode application with high mixed ionic and electronic conducting 

oxides. For example, for the LSM cathode fi lms prepared by PLD, the ASR can be as high as 32.1 Ω 

cm2 at 850°C [55]. This is due to the fact that LSM is an electronic conductor with negligible oxygen 

ion conductivity. PLD is also used to deposit La0.8Sr0.2Cr0.97V0.03O3 and MnCr2O4 protective fi lms 

on Crofer 22APU interconnect at a substrate temperature of 750°C [56]. The deposited fi lms were 

dense and signifi cantly reduced the growth of the oxide scale of the alloy.

Another technique suitable for large-scale production for industrial purpose is electron beam-

physical vapor deposition (EB-PVD). EB-PVD is a reliable technique for the deposition of thin fi lm 

by the vacuum evaporation of a target using an electron-beam heating device. This technique has 

the advantages of the deposited fi lms with an exact target composition, having high deposition rates 

at low temperatures, and realizing large-scale production for industrial application. The deposi-

tion rates of EB-PVD are typically in the range 1–2 μm min−1. In addition, this method can make 

the deposited fi lm crystallized without additional annealing, thus saving time and energy in the 

manufacturing process. Another variation of PLD is the large area fi ltered arc deposition (LAFAD), 

which has been applied to deposit protective thin coatings on Cr-Fe alloys using CoMn and CrAlY 

target alloys [57].

Jung et al. [58] investigated the deposition and characteristics of the YSZ thin fi lms deposited on 

Ni/YSZ anode supports using EB-PVD technique. The YSZ target for the electron-beam deposition 

was prepared by conventional uniaxial pressing with commercial YSZ powder under 30 MPa fol-

lowed by sintering in air at 1400°C for 5 h. The grain size of the YSZ fi lm before heat treatment is 

0.5–1 μm and grows to very dense columns with a grain size of 1–2 μm. Heat treatment improves the 

densifi cation and the adhesion of the YSZ fi lm with the anode functional layer. The results indicate 

that the electrical conductivity of EB-PVD YSZ electrolyte is smaller than that of the bulk YSZ at 

temperatures higher than 600°C [59]. The higher electrical resistance of the YSZ fi lm deposited by 

EB-PVD could cause additional internal ohmic losses of the cell operating in the intermediate tem-

peratures above 600°C. The maximum power density for an anode-supported YSZ thin electrolyte 

cell prepared by EB-PVD was 0.78 W cm−2 at 800°C. EB-PVD was also used to deposit GDC thin 

fi lms on porous NiO/YSZ anode substrates [60]. The main dominating crystallite orientation of the 

GDC fi lm repeats the characteristics of the used powder, and the crystalline size of the GDC thin 

fi lm is infl uenced by the e-beam gun power.

5.3.3 PLASMA SPRAY DEPOSITION

The plasma spray process is a high-temperature process (up to 15,000 K for a typical DC torch 

operating at 40 kW). Figure 5.9 are the schematic diagrams of DC and RF plasma spray processes 

[61]. The plasma spray process is based on the generation of a plasma jet consisting of argon or 
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argon with mixture of H2 and He, which are ionized by a high-current arc discharge in a plasma 

torch. The powders to be sprayed are injected into the plasma where they are accelerated, melted, 

and fi nally projected onto a substrate. The coating is formed by solidifi cation and fl attening of the 

particles at impact on the substrate. This technique offers the possibility to deposit thin or thick lay-

ers in the millimeter range, which is hardly possible with other physical methods such as magnetron 

sputtering and PLD. With thermal spray technology, cells could be produced without using time 

and energy consuming sintering steps, reducing the production cost of SOFCs. The deposited layers 

often show the characteristics of anisotropic microstructure, microcracks due to thermal stress, and 

interlamellar porosity. The fi lms produced by vacuum plasma spray (VPS) typically posses higher 

density than those produced by atmosphere plasma spray (APS) [62]. Thus VPS becomes particu-

larly important in fabrication of the SOFC electrolyte.

Tai and Lessing [63] used plasma spray to prepare porous LSM electrodes. Addition of pore 

formers, such as carbon, is necessary for spraying a porous coating. Coatings with a porosity 

of ~40% were deposited from LSM with a broad particle size distribution of 53–180 μm and 

15 wt% solid Carbospheres as a pore former. The microstructure of the plasma-sprayed LSM 

coating is characterized by large agglomerates and coarse porous structure; see Figure 5.10. 

Water cooling Central gas Injection of

powders
liquids
solutions
suspensions

Gas distributor head
Quartz tube

Ceramic tube
Water cooling

Induction coil

Flange

Plasma jet

Coating

Substrate

exit nozzle

Sheath gasPrimary
gas

Cathode

High
current

arc
Anode
Laval nozzle

with integrated
powder

injection ports

FIGURE 5.9 Schematic diagrams of DC and RF plasma spray processes. (From Pederson, L.R. et al., 

Vacuum, 80, 1066, 2006.)

20 μm

5 μm

FIGURE 5.10 SEM micrograph of an annealed LSM coating plasma-sprayed from a mixture of broad-sized 

LSM and 15 wt% type-S130 Carbospheres as pore former. (From Tai, L.W. and Lessing P.A., J. Am. Ceram. 
Soc., 74, 501, 1991.)
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Li et al. [64] studied the effect of spray parameters such as plasma power and spray distance 

on the electrical conductivity of plasma-sprayed LSM coating and observed lower conductivity 

compared to that of the sintered LSM. This is explained by the formation of a lamellar struc-

ture of the plasma-sprayed LSM coating. The disadvantage of the method is that rapid heating 

and quenching involved induces nonstoichiometry and residual strain. Post treatment, e.g., at 

1000°C in air for 2 h, was shown to be able to recover the crystallinity and stoichiometry of the 

plasma-sprayed LSM coating [65] and to increase the electrical conductivity [64]. Rambert et al. 

[66] prepared LSM/YSZ composite cathodes using the VPS technique. The performance of the 

LSM/YSZ composites is affected by the mixing process of the powders. Van herle et al. [67] pre-

pared YSZ electrolyte by VPS and observed a strong anisotropy in the ionic conductivity of YSZ 

electrolytes. The cross-plane conductivities are several times lower than in-plane conductivities. 

This anisotropy can be eliminated by sintering the deposited YSZ layer at 1500°C for 2 h. The 

processing parameters such as the heat treatment, melting temperature of the raw materials, and 

particle size distribution have been shown to have a signifi cant infl uence in the microstructure and 

conductivities of the fi lms [68,69].

More recently, there have been attempts to fabricate SOFCs and LSM/YSZ composite cathodes 

on metallic substrates using APS, taking advantage of the relative simple and low cost of this pro-

cess [70,71]. Vassen et al. [72] applied APS to fabricate porous NiO/YSZ coatings for anode, dense 

YSZ coatings for electrolyte, and functional coatings for reducing Cr-evaporation from intercon-

nects. Figure 5.11 shows the cross section of a NiO/YSZ layer deposited on a tape-casted Chrofer 

APU22 metallic support using APS [72]. Some layer formation is still visible in the coating, indicat-

ing that the injection process needs to be further optimized. Under SOFC operation condition the 

NiO will be reduced to Ni and additional pores will be formed. A dense YSZ layer was deposited 

onto this anode layer. In order to achieve the dense microstructure of the YSZ electrolyte layer, 

the velocity and temperature of the fused and crushed YSZ powder have to be high, the speed and 

temperatures are close to 320 m s−1 and ~3200°C. A cell with APS-deposited NiO/YSZ anode and 

YSZ electrolyte and screen-printed LSM cathode produced a power density of 0.8 W cm−2 at 800°C. 

By using high-speed plasma torches and specially designed nozzles, thin and gastight yttria- and 

scandia-stabilized ZrO2 (YSZ and ScSZ) electrolyte layers (~30 μm in thickness and 1.5%–2.5% in 

porosity) and of porous electrode layers with high material deposition rates were fabricated by VPS 

techniques. The plasma-sprayed metal-supported cells showed good electrochemical performance 

and low internal resistances. Power densities of 300–400 mW cm−2 at 750°C–800°C were reported 

for plasma-sprayed cells [73,74].

50 μm

FIGURE 5.11 SEM micrographs of cross section of NiO/YSZ anode layer deposited on ferritic steel sub-

strate (on the right reduced). (From Vassen, R. et al., Surf. Coat. Technol., 202, 4432, 2008.)
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5.4 COLLOIDAL AND CERAMIC POWDER TECHNIQUES

Colloidal and ceramic powder techniques are simple and cost-effective methods for the manufactur-

ing of thin electrolyte fi lms. The colloidal and ceramic powder methods include tape casting [75,76], 

slurry coating [77,78], spin coating [79,80], dip coating, screen-printing [81,82], etc.

5.4.1 COLLOIDAL TECHNIQUES

5.4.1.1 Slurry-Coating, Spin-Coating, and Dip-Coating Methods
In the case of slurry coating, spin coating and dip coating, additives such as dispersant and surfac-

tants are added to the electrode or electrolyte powder in order to form a suitable and stable colloidal 

particle suspension. Moreover, in order to avoid cracks during removal of the organic additives, 

careful drying and heat treatment procedures have to be adopted. Figure 5.12 shows the schematic 

diagram for spin-coating and dip-coating apparatus. The process is simple and requires little invest-

ment. However, the coating process needs to be repeated several times to form a dense and pore-free 

thin electrolyte layer.

Chen et al. [83] prepared YSZ slurry mixed with ethyl cellulose and terpineol in a weight ratio 

of 25:3.4:71.6. The results indicate that heat treatment at 400°C for 10 min for each spin coated 

layer is effective to remove the organic additives and to form a dense YSZ layer by repeated spin 

coating process. A single cell with a 14 μm thick YSZ fi lm and Sm-doped ceria (SDC)-impregnated 

LSM cathode yields a maximum power density of 634 mW cm−2 at 700°C in H2/air. YSZ electrolyte 

layer as thin as 0.5 μm was prepared by the spin coating method using YSZ precursors containing 

zirconia chloride hydroxide and yttrium chloride hydroxide as the source of Zr and Y with poly-

vinylpyrrolidone (PVP) additive [84]. Dense and gastight YSZ fi lms were obtained after repeating 

the spin coating process three times (see Figure 5.13). Spin coating was also used for the preparation 

of thin porous Sm0.5Sr0.5CoO3 (SSC) cathode for SOFCs, using a suspension solution made from 

SSC powder and ethyl cellulose in ethanol [85]. The suspension was applied to the doped ceria 

electrolyte surface and spun at 6000 rpm for 30 s to form a uniform layer and to remove the solvent. 

To form ~20 μm thick SSC cathode, 50 spin coating cycles were performed [85]. However, by com-

bination of thick slurry coating and thinning and smoothing with a spinning step, a thin and dense 

YSZ electrolyte layer can be fabricated by a single coating–drying cycle [86].

Aerosol spray deposition was also used to fabricate YSZ thin electrolyte fi lms on metal-supported 

structure from an isopropanol-based solution [87]. A metal-supported SOFC with thin YSZ elec-

trolyte fi lm achieved a maximum power density of 332 mW cm−2 with H2/air at 700°C [88]. Wang 

et al. [89] described a fabrication process for the Ni/YSZ anode-supported thin-fi lm YSZ cells 

based on tape casting and spray coating. The Ni/YSZ tape-cast green tapes were cut to desired size 

and annealed in air at ~1000°C for 1 h to obtain porous substrate with a thickness between 200 and 

250 μm. The YSZ thin-fi lm electrolyte was then deposited by spray coating a YSZ-water suspension 

on substrates under controlled conditions and sintered at 1400°C for 4 h. YSZ electrolyte fi lm as thin 

Spin coating

ω

Dip coating

FIGURE 5.12 Schematic diagrams of spin-coating and dip-coating processes.
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as 3 μm can be obtained. The cell shows a very low ASR, 0.071 Ω cm2 at 800°C, and has a power 

output of 0.85 W cm−2 at 800°C.

Slurry or dip coating has been used extensively for the fabrication of dense YSZ electrolyte 

[9]. Zhang et al. used the slip-casting method in combination with dip coating to fabricate anode-

supported tubular SOFCs [90]. The Ni/YSZ anode tube support was prepared by the slip-casting 

method and presintered at 1000°C for 2 h. The anode functional layer (AFL) and YSZ electrolyte 

thin fi lm were prepared by dip coating. A suspension of 10 wt% NiO/YSZ (NiO:YSZ = 1:1 by weight) 

in isopropanol was dip coated onto the anode tubular substrate to form AFL. Similarly, a suspension 

of 10 wt% YSZ in isopropanol was dip coated onto the outer surface of the anode functional layer 

to form an electrolyte layer, followed by drying at room temperature. The process was repeated 10 

times in order to prepare a dense and pore-free YSZ thin electrolyte layer. The YSZ-coated NiO/

YSZ tubular substrate tubes were sintered at 1380°C for 2 h to form a bilayer structure with a porous 

anode substrate and a dense electrolyte thin fi lm. Multilayered cathodes of LSM, LSM/YSZ, and 

Sm0.5Sr0.5O3 (SSC) were deposited on a thin YSZ electrolyte by dip-coating method. Figure 5.14 

shows SEM micrographs of an anode-supported tubular cell with a thin YSZ fi lm and a multilayered 

cathode prepared by dip-coating method. With impregnation of nano-sized GDC particles into both 

1 μm Mag = 5.00 K X Mag = 5.00 K X EHT = 5.00 kV
Signal A = SE2

EHT = 5.00 kV 2 μm
Signal A = SE2WD = 6 mm WD = 7 mm(a) (b)

FIGURE 5.13 SEM micrographs of the surface of YSZ-coated samples after heat treatment at 600°C: One 

spin coating (a) and three spin coatings (b). (From Chen, Y.Y. and Wei, W.C.J., Solid State Ionics, 177, 351, 

2006.)

Anode
support

20 kV

(a) (b)

20 kV×50 ×2, 000500 μm 10 μm 19 25 SEI16 25 SEI

Anode
interlayer Electrolyte Cathode

FIGURE 5.14 SEM micrographs of (a) an overview of the tubular cell and (b) the cross section of the tubu-

lar cell after testing, showing the thin YSZ electrolyte fi lm and multilayer cathode prepared by dip-coating 

method. (From Zhang, L. et al., J. Am. Ceram. Soc., 92, 302, 2009.)
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anode supports and multilayer cathode, the cell achieved a peak power density of 1104 mW cm−2 

in H2/air and 770 mW cm−2 in CH4/air at 800°C. Dip-coating method was also used by Yamaguchi 

et al. [91] to deposit GDC electrolyte on extruded anode-supported microtubular cells.

Dip-coating technique is also applied to deposit YSZ or GDC electrolyte fi lms as thin as ~100 nm 

[92]. In this case, it is important to control the quality of the microstructure of the substrate as well 

as the YSZ and GDC sol containing nanoparticles (5–6 nm). For example, nano-structured zirconia 

sol can be produced by controlled hydrolysis of Zr(n-O3H7)4 and Y(i-O3H7)3 in the presence of dieth-

anol amine (DEA) as precursor modifi er/polymerization inhibitor. DEA acts as a drying controlling 

additive and is important for the formation of nanoparticles in the synthesis process. In conventional 

slurry- or dip-coating process, as many as 10 sequential dip-drying-calcination steps are required 

to obtain suffi ciently thick and dense fi lm. These repeated dip-coating-drying-calcination processes 

are time-consuming.

Wang et al. [93] showed that the composition of the dip-coating slurry has a signifi cant infl u-

ence on the quality of the YSZ thin fi lms. Among the three commonly used composite solvents, 

trichloroethylene (TCE)/MEK, MEK/EtOH, and EtOH/TCE, YSZ suspension in MEK/EtOH sol-

vents gave the best dispersibility and stability. Also MEK/EtOH has an evaporation temperature 

of 74.8°C, low enough for facilitating the formation of YSZ electrolyte thin fi lms. Adding binder 

(PVB) and plasticizer (PEG and PHT) improves the stability. Thin and dense 16 μm thick YSZ 

fi lms were prepared by dip coating twice, and the cell with NiO/YSZ anode and Pt cathode reached 

a power density of 262 mW cm−2 at 800°C. Rather than dip-coating, Liu et al. [94] drop-coated a 

YSZ suspension on porous electrode support to forming a thin and dense dual SDC-YSZ electrolyte 

fi lms. Zhang et al. [95] showed that slurry casting could also be used to deposit thin YSZ electrolyte 

fi lm on a NiO/YSZ substrate disc assisted by a revolving rod to spread and compact the YSZ layer. 

However, the revolving or rotating-assisted slurry-casting technique would be diffi cult to scale up 

for the fabrication of large area planar cells.

Vacuum slip or slurry casting is used to deposit thin GDC electrolyte layer on LSCF/GDC 

composite cathode substrates [96]. In addition to the preparation of YSZ electrolyte layer, slurry 

coating or slurry spray is also used for the deposition of anode and cathode interlayers [97]. The 

results show that the inclusion of electrode interlayers signifi cantly improved the performance of 

the anode-supported cells and the reasons for the improvement could be related to the introduction 

of a diffuse mixed conduction region associated with the interlayers. However, slurry or slip-casting 

is commonly used to fabricate thick NiO/YSZ anode substrates or tubes for anode-supported thin 

electrolyte SOFCs.

5.4.1.2 Sol-Gel Method
In sol-gel methods, organometallic salts, such as metal alkoxides (e.g., zirconium propoxide and 

yttrium propoxide), are deposited on porous electrode substrates and hydrolyzed under controlled 

conditions, forming a colloidal sol and a condensation step with organic monomers to form a gel. 

The deposition by methods such as by spin coating or dip coating is followed by a drying and fi ring 

process, leading to the formation of a dense electrolyte fi lm. The key feature in this sequence is sol-

gel polymerization, which can be described by a two-step reaction: initiation via the hydrolysis of 

alkoxy ligands and polycondensation via an oxylation reaction. The particle concentration, viscos-

ity, concentration, and stability of the sol-gel infl uence the deposition parameters and fi lm quality 

and have to be controlled carefully. The nature of the porous substrate is also critical in the sol-gel 

processes. Large pores could lead to pore-induced defects. Thus the substrate should have a poros-

ity that is both submicron and uniform. Dunn et al. [98] gave an overview and briefl y discussed the 

sol-gel chemistry.

Mehta et al. [99] used sol-gel method to deposit a thin (100–300 nm) YSZ layer on yttrium-doped 

ceria (YDC) electrolyte to block the electron transfer. An ethyl alcohol solution of YSZ was made 

by dissolving 11 mol% yttrium isopropoxide and 89 mol% zirconium isopropoxide in anhydrous 

isopropanol. The solvent was slightly heated and a small amount of HNO3 was added to promote 
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dissolution and hydrolysis. The YSZ precursor solution was applied to a YDC electrolyte substrate 

by spin coating. Formation of the cubic YSZ phase was achieved at 600°C in air. A 0.25 M solution 

used in spin coating results in a ~100 nm thick YSZ layer after heat treatment. The open circuit volt-

age (OCV) of the two-layer YSZ–YDC electrolyte cell is increased by 150–200 mV as compared to 

an uncoated YDC electrolyte cell in the temperature range of 600°C–800°C in H2/O2. The compat-

ibility of the two-layer YSZ–YDC electrolyte cell was also studied by Kim et al. [79] using a sol-gel 

spin coating method. The YSZ fi lm deposited by sol-gel spin coating method showed a crack- and 

pinhole-free microstructure after sintered at 1400°C. A 2 μm thick YSZ fi lm on YDC electrolyte 

can be obtained after six repetitive spin coatings. However, the maximum power density of the two-

layer cell is comparable to a YSZ single layer cell with the same thickness at 1000°C.

Lee et al. [100] used sol-gel dip-coating method to deposit a lanthanum chromite–based per-

ovskite coating on a ferritic stainless steel (SUS444) to reduce the oxidation rate of the metallic 

interconnect. Precursor solutions for (La,Ca)CrO3 (LCCr) and LSCr coatings were prepared by 

adding nitric acid and ethylene glycol into an aqueous solution of lanthanum, strontium (or cal-

cium), and chromium nitrates. Dried LCCr and LSCr gel fi lms were heat treated at 400°C–800°C 

after dip coating on the SUS444 substrate. The SEM results show that the microstructure of LCCr 

fi lm is denser than that of LSCr. The porous structure of LSCr layer is attributed to the formation 

of the SrCrO4 phase. The presence of LCCr and LSCr thin-fi lm layers depress the oxidation of the 

SUS444 metallic substrate.

The sol-gel method possesses the advantages of precise composition control, simple process-

ing procedure, and low processing temperatures. However, thin fi lms based on the sol-gel process 

also have several demerits. For example, a large shrinkage during heat treatment and low density 

from inherent high organic content may cause local defects, resulting in serious gas leakage and 

crossover.

5.4.1.3 Screen-Printing Method
In the screen-printing process, a highly viscous paste consisting of a mixture of ceramic powder, 

organic binder, and plasticizer is forced through the open meshes of a screen using a squeegee. 

The screen-printed fi lms are dried and sintered at high temperatures. Parameters such as grain 

size, grain form, slurry viscosity, and sintering temperature and time are important for the quality 

and densifi cation of the screen-printed fi lm. Slip casting and screen-printing usually involve large 

shrinkage associated with the removal of polymeric binders and plasticizers in subsequent sintering 

and heat treatment stages. This would deteriorate the quality of the thin fi lms.

Zhang et al. [101] used screen-printing technique to fabricate Sm0.2Ce0.8O2 (SDC, 15 μm) single 

layer and YSZ (5 μm) + SDC (15 μm) bilayer on Ni/YSZ cermet substrate, followed by co-fi ring. 

Co-fi ring at 1400°C led to the formation of Zr-rich micro-islands, indicating the Zr migration 

from the NiO/YSZ substrate during the co-fi ring process. Screen-printing was used to deposit 

Sm0.2Ce0.8O2 (SDC) electrolyte thin fi lm onto the green NiO/SDC anode substrates using a printing 

slurry consisted of SDC powder, methylcellulose, terpineol, and ethanol vehicle [102]. A dense SDC 

electrolyte layer with thickness of ~30 μm was obtained after co-fi ring at 1350°C in air for 5 h. The 

cell with SSC cathode, Ni/GDC anode, and screen-printed SDC electrolyte achieved a power output 

of 397 mW cm−2 in H2 and 304 mW cm−2 in methane at 600°C, an impressive performance at these 

low temperatures.

Joo and Choi [103] fabricated μ-SOFCs based on a porous and thin Ni substrate using the screen-

printing technique. Figure 5.15 shows the fabrication process for μ-SOFCs using screen-printing 

techniques. The NiO ink was made of commercial NiO powder mixed with an organic solution of 

α-terpineol and ethyl cellulose in a weight ratio of 10:1. A phosphate ester–based surfactant and 

dihydroterpineol acetate were used as dispersants. The Ni fi lm was fabricated by screen-printing 

a NiO fi lm on a ceramic substrate and subsequently reducing the printed fi lm at 700°C–750°C in 

hydrogen. After reduction, a freestanding and porous Ni fi lm was obtained. A thin GDC electro-

lyte fi lm (~3 μm) was deposited on Ni substrate by the PLD method at an oxygen partial pressure 
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of ~30 mm torr, followed by the deposition of a porous LSCo cathode for 90 min at room tempera-

ture. The deposition at room temperature produces the porous structure of LSC as required for the 

cathode. The cell achieved a maximum power output of 26 mW cm−2 at 450°C in H2/air. The advan-

tage of the screen-printing is its simplicity and low cost particularly in comparison to the lithogra-

phy and etching processes commonly used in the fabrication of μ-SOFCs.

5.4.1.4 Electrophoretic Deposition
Electrophoretic deposition (EPD) is one of the colloidal processes by which ceramic fi lms are 

shaped directly onto substrates from an electrostatically stabilized colloidal suspension in a DC 

electrical fi eld. A DC electrical fi eld causes these charged particles to move forward, and deposit on 

an electrode with opposite charge. The EPD process has been used for the fabrication of SOFC com-

ponents including YSZ [104,105], and (La,Sr)(Ga,Mg)O3 electrolyte fi lms [106,107]. The EPD pro-

cess is very simple and has the advantage of uniformity of deposition and high deposition rates. In 

the case of deposition of YSZ thin electrolyte layers, YSZ nanoparticles are dispersed in an organic 

suspension medium, such as ethanol, acetylacetone, or iodine-dissolved acetylacetone, instead of 

water, to avoid the detrimental effect of water electrolysis on the quality of deposited fi lm. Positive 

charges are developed on the YSZ particles due to the presence of some residual water. A solid 

concentration of 10 g L−1 was found to be suitable for EPD using acetylacetone as solvent [108]. 

Iodine-dissolved acetylacetone is an effective solvent for EPD as it has a much lower resistance than 

ethanol [104,109]. Lower solution resistance reduces the applied voltage, depressing evolution of 

gases on the negative (i.e., deposited) electrode. Dispersion of YSZ in an iodine (I2)-acetone solu-

tion is effective to form charged YSZ particles as the reaction between acetone and iodine produces 

protons that are absorbed by the YSZ particles; subsequently, the YSZ particles become positively 

charged by the addition of I2 [110].

1. NiO paste prepared by mixing NiO powder with
organic solution and three-roll milled.

2. NiO paste screen-printed the ceramic substrate.

Ceramic substrate

Ni film

Free-standing, porous
Ni film (t = 10~25 μm)

Ni plate

Ni plate

Squeegee
Screen

NiO film

 3. NiO film reduced in H2 atmosphere at 700°C~750°C
and removed from substrate.

4. Porous Ni film attached to dense Ni plate.

5. GDC, LSC, and Pt films deposited sequentially
on porous Ni support.

Pt LSC
GDC

FIGURE 5.15 Fabrication process for μ-SOFC based on a screen-printed porous Ni substrate. (From Joo, 

J.H. and Choi, G.M., J. Power Sources, 182, 589, 2008.)
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EPD process can be generally characterized by two steps [111]. Under the application of an elec-

tric fi eld, the charged particles fi rst migrate toward an electrode with opposite charge. The migra-

tion depends on the bulk properties of the colloidal dispersion (bath conductivity, viscosity, particle 

concentration, size distribution, and surface charge density) and the actual fi eld strength in the bath. 

The charged particles coagulate at or near the surface of the deposited electrode, forming a solid 

deposit layer. A suitable heat treatment (fi ring or sintering) is usually required in order to further 

densify the deposited fi lm and to eliminate porosity. For a detailed discussion and application of the 

EPD process, readers are encouraged to read an excellent review by Besra and Liu [112].

A prerequisite for EPD is that the substrate should be electrically conductive. Thus, for deposi-

tion of YSZ or GDC electrolyte thin fi lms on nonconducting NiO/YSZ anode supports, thin con-

ducting layers such as graphite and Pt are coated onto the porous NiO/YSZ composite substrates 

to facilitate conduction on the surface. For the deposition of YSZ thin fi lms onto porous NiO/YSZ 

composite substrates that have been pre-coated with graphite thin layers, YSZ layer can be depos-

ited onto the substrates or onto the graphite layers on the substrates, as shown in Figure 5.16 [113]. 

Figure 5.17 shows the SEM micrographs of the cross section for YSZ fi lms electrophoretically 

deposited onto NiO/YSZ substrate surface [113]. For YSZ powders deposited onto porous NiO/YSZ 

Stainless

YSZ powder

Porous NiO-YSZ
substrate

Porous NiO-YSZ
substrate

Graphite layer

Graphite layer

(a)

(b) Stainless

FIGURE 5.16 Experimental setup for (a) EPD of YSZ powders onto porous NiO/YSZ substrates whose 

reverse side is coated with conducting graphite layers and (b) EPD of YSZ powder onto conducting graphite 

layers on NiO/YSZ substrates after co-fi ring. (From Hosomi, T. et al., J. Eur. Ceram. Soc., 27, 173, 2007.)

YSZ YSZNiO-YSZ NiO-YSZ
(a) (b)

FIGURE 5.17 SEM micrographs of cross-section EPD of YSZ thin fi lms electrophoretically deposited onto 

porous NiO/YSZ substrates whose reverse side is coated with conducting graphite layers (a) and onto conduct-

ing graphite layers on NiO/YSZ substrates (b). (From Hosomi, T. et al., J. Eur. Ceram. Soc., 27, 173, 2007.)
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substrates whose reverse side is coated with conducting graphite layers, the YSZ powders are subse-

quently transferred into dense and continuous fi lms with thickness of 3–15 μm after co-fi ring with 

substrates (left picture, Figure 5.17). For the YSZ fi lms deposited onto graphite layer, an opening is 

observed at the interface after co-fi ring (right picture, Figure 5.17), most likely due to the burning 

and decomposition of the graphite interlayer.

Besra et al. found that in the case of EPD of YSZ thin layers on nonconducting NiO/YSZ sub-

strates with carbon sheet backing, the deposition of YSZ increases with increasing substrate poros-

ity, indicating the presence of a continuous “conducting path” between the electrical contact and the 

particles through pores in the substrate [108]. The results indicate a minimum threshold porosity of 

the NiO/YSZ substrates, which is 52.5% and 58.5% porosity for 100 and 25 V applied potentials, 

respectively. Cherng et al. [114] showed that Ni/YSZ cermet presintered at 1200°C and reduced at 

700°C behaves like a metal electrode and does not require the use of the additional electrical con-

ducting backing layer.

Cherng et al. [114] studied the EPD of YSZ thin fi lms using aqueous suspension. To prevent 

the colloids from agglomeration and sedimentation during EPD, negatively charged polyelectro-

lytes, such as ammonium polyacrylate (PAA-NH4), are added as dispersant. PAA-NH4 dissociates 

in water, forming negatively charged polyanions that would adsorb to YSZ particles to stabilize 

them electrostatically. Addition of ~0.1 wt% PAA-NH4 is suffi cient to stabilize the YSZ slurry. The 

aqueous EPD is characterized by low current (<3 mA cm−2) and low voltage (<20 V) on conducting 

substrates. Will et al. [115] showed that through adjustment of shrinkage and the shrinkage rate of 

the deposited zirconia layer on the presintered porous Ni/YSZ substrate, thin, dense layers without 

cracks can be prepared. The thickness of the deposited YSZ layer could be monitored from the total 

charge transfer during the EPD process. EPD method was also used to deposit a NiO/YSZ anode 

and a YSZ bilayer structure with a good interface bonding between the anode and electrolyte [116], 

and to deposit YSZ on a porous LSM cathode substrate [105,110].

The EPD can be used for mass production and has the advantages of short formation times, little 

restriction in the shape of deposition substrates, suitability for mass production, and a simple depo-

sition apparatus. In addition, there is no requirement of binder burnout because the green coating 

contains little or no organics. However, it has been shown that fi ve or more successive repetitions 

of the process are necessary to produce a gastight and dense YSZ layer and to achieve a good cell 

performance [104,105].

5.4.2 CERAMIC POWDER TECHNIQUES

5.4.2.1 Tape-Casting and Freeze-Tape-Casting Process
Tape casting is a commercial processing technology that has been used extensively for the manufac-

turing of electronic and structural ceramics with thicknesses typically ranging from 25 to 1000 μm 

and is particularly suitable for making anode-supported planar SOFCs. Tape casting involves 

spreading of slurries of the ceramic powders and organic ingredients, such as the modifi er, organic 

binders, dispersant (fi sh oil), and solvents (ethanol and toluene), onto a fl at surface where solvents 

are allowed to evaporate. After drying, the resulting tape develops a leather-like consistency and 

can be stripped off from the casting surface; see Figure 5.18. To increase the porosity of the anode 

supports, graphite or other pore formers can be added.

Typically, tape-cast anode layer (1–2 mm thick) and tape-cast electrolyte layer (40–100 μm thick) 

are produced and these two tapes are laminated and after rolling or calendering, the green lami-

nates are cut to size and sintered at 1300°C–1400°C in a specially designed kiln furnace to ensure 

the parts are all fl at. The fi nal anode-supported structures are produced with an anode support 

thicknesses of 500–1000 μm and electrolyte thicknesses of 15–40 μm. Tape-casting technique is 

also used to produce thick electrolyte of ~100 μm for electrolyte-supported cells. Figure 5.19 shows 

typical structure of YSZ electrolyte-supported and Ni/YSZ cermet anode-supported thin YSZ cells. 

Mismatch in densifi cation of such bilayer structures will cause intolerable bending and/or cracking 
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of the structure during co-fi ring [117]. Thus, match in the sintering profi le of the laminated anode 

and electrolyte tapes is critical in producing fl at anode-supported structures.

Tape casting is also used to prepare porous anode substrate for anode-supported thin electrolyte 

cells. Park et al. [118] reported the fabrication of anode-supported thin electrolyte SOFCs by using 

two tape-casting layers of YSZ, one containing a pore former as a porous YSZ anode matrix and 

one without pore former as the electrolyte layer. The porosity of the anode tape was controlled by 

the addition of pore formers. Addition of 30% pore former resulted in the formation of ~50% poros-

ity for the YSZ anode substrate tape. The shape of pores in the porous YSZ matrix is related to the 

shape of the pore formers that are used. After the formation of the composite structure at 1550°C, 

copper and ceria were added to the porous YSZ layer by wet impregnation. However, the ability to 

engineer pore structures is limited to the manipulation of thermal fugitive particle orientation and 

stability during the slurry process.

A combination of the tape-casting process and freeze-casting process has resulted in a new 

freeze-tape-casting process that has been developed as a direct means of forming and controlling 

complex pore structures in green tapes. The freeze-tape-casting process not only allows tailoring 

of continuously graded pores through the entire cross section but also slows for long-range align-

ment of acicular pores from the surface. The freeze-tape-casting process starts with the traditional 

tape-casting process, where an aqueous ceramic slip is cast onto a Mylar or Tefl on carrier fi lm 

via a doctor blade apparatus. A standard tape caster that has been modifi ed only with a thermally 

isolated freezing bed to allow for unidirectional solidifi cation of the slurry after casting is used. As 

Micrometer

Carrier motion
Casting bed

Doctor blade

Carrier film

Slip

FIGURE 5.18 Typical tape-casting apparatus.

(b)(a)

Anode

Anode

YSZ

YSZ

CathodeCathode

20 μm 20 μm

FIGURE 5.19 (a) YSZ electrolyte-supported cell and (b) Ni/YSZ anode-supported cells prepared by tape-

casting technique.
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with traditional tape casting, the slip contains suffi cient organic binders that make the tape strong 

and fl exible after solvent evaporation for handling and cutting. The freezing of the tape, typically 

solidifi ed in several minutes, eliminates particles settling out of the suspension. After the solidifi ca-

tion process, the tape is subsequently cut and freeze dried under a vacuum for quick solvent removal 

through sublimation, where the frozen liquid transforms from a solid to a gas without an intermedi-

ate liquid phase. Sofi e [119] investigated in detail the fabrication of functionally graded and continu-

ously aligned porous YSZ tapes (500–1000 μm) by a modifi ed freeze-tape-casting process using 

aqueous and tertiary butyl alcohol (TBA) solvents. The result indicates that the freeze-tape-casting 

technology can be effective in fabricating fuel cell components.

5.4.2.2 Tape-Calendering Process
The tape-calendering process for making thin-fi lm SOFCs is based on the progressive rolling of 

green (unfi red) ceramic tapes to produce a thin electrolyte fi lm (typically 0.5–10 μm) on an elec-

trode support [120,121]. The tape-calendering process (using an anode as the support) and green 

electrolyte/anode bilayer are shown in Figure 5.20 [122]. In this fabrication process, electrolyte and 

anode powders are fi rst mixed with organic binders to form ceramic masses. The masses, having a 

doughy consistency with many of the characteristics of a plastic, are rolled into tapes using a two-

roll mill. Electrolyte and anode tapes of certain thickness ratios are laminated and rolled into a 

bilayer tape. This thin bilayer is then laminated with a thick anode tape, and the lamination is rolled 

again into a thin bilayer tape. The process can be repeated with different tape thickness ratios until 

a desired electrolyte fi lm thickness is obtained. In general, the process requires only three rollings 

to achieve a bilayer with micrometer-thick electrolyte fi lms. The bilayer is fi red at elevated tempera-

tures to remove the binders and sinter the ceramics. To form a thin-fi lm SOFC single cell, a cathode 

layer is applied on the electrolyte surface of the sintered bilayer. The process is simple and scalable. 

Cell size as large as 500 cm2 can be fabricated by this method.

5.4.2.3 Dry-Pressing Method
Xia and Liu developed a simple and cost-effective method to fabricate a thin GDC electrolyte fi lm 

on NiO/GDC anode substrates by dry pressing [123–125]. In this method, the green NiO/GDC 

substrate was formed by uniaxial pressing of NiO/GDC powder under 200 MPa. Highly porous or 

“foam” GDC powder, synthesized by a glycine nitrate combustion process, was carefully spread 

on top of the prepressed NiO/GDC substrate, and then compressed at 250 MPa, forming a bilayer 

structure. Co-fi ring of the bilayer structure at 1350°C for 5 h yields a dense GDC membrane on a 

porous NiO/GDC electrode substrate. Care must be taken to ensure the uniform distribution of the 

Thin tape

Multilayer tape

Plastic-like mass

High-indensity mixer Two-roll mill

FIGURE 5.20 Tape-calendering process and green electrolyte/anode bilayer. (From Minh, N.Q., Solid State 
Ionics, 174, 271, 2004.)
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GDC powder on the substrate. Figure 5.21 are SEM micrographs of the as-synthesized GDC powder 

and the cross sections of a fuel cell consisting of thin GDC electrolyte layer prepared by dry press-

ing [123]. The GDC powder is highly porous; see Figure 5.21a and b. The relative density of the 

GDC foam powder is 0.84% (~0.06 g cm−3), based on the theoretical density of GDC (7.12 g cm−3). 

Low relative density indicates the low fi ll density of the powder. It is suggested that the extremely 

low fi ll density of the foam-like GDC is critical for the successful preparation of a thin, dense GDC 

electrolyte on a porous NiO/GDC substrate. The thickness of the GDC electrolyte is controlled by 

the amount of GDC powder.

The Gd-doped ceria electrolyte on anode substrates can also be formed in situ by solid-state 

reaction by dry pressing the stoichiometric Gd2O3 and CeO2 oxides [126]. The XRD analysis indi-

cates that a single solid solution of Gd-doped CeO2 is formed after sintering at 1450°C. A maximum 

power density of 0.58 mW cm−2 at 600°C was obtained on a 10 μm thick GDC fi lm and a LSCF/

GDC composite cathode. The dry pressing technique is simple and cost-effective. However, forma-

tion of a uniform and thin electrolyte fi lm requires experience and skill particularly for the powder 

with high fi ll density. The scale-up of the dry pressing process may also be a problem due to the 

nature of the manual handing process.

5.5 FLAME-ASSISTED COLLOIDAL PROCESS

5.5.1 SPRAY PYROLYSIS AND FLAME-ASSISTED VAPOR DEPOSITION

Figure 5.22 shows schematically a typical spray pyrolysis setup. A suffi cient force, e.g., using a 

stream of gas at high speed, applied to the surface of a metal salt precursor solution (usually aque-

ous or alcoholic) or colloidal suspension in the atomizer/nozzle causes the emission of droplets. The 

Anode

Electrolyte

Substrate

30 μm10 μm

GDC film

(c) (d)

(b)(a)

Cathode

1 μm4 μm

FIGURE 5.21 SEM micrographs of (a) a highly porous and foam-like GDC particle, (b) a portion of the 

particle shown in (a), (c) cross section of an 8 μm thick GDC fi lm on a NiO/GDC substrate, and (d) a fuel cell 

consisting of a 15 μm thick GDC electrolyte, a Ni/GDC anode, and an Sm0.5Sr0.5CoO3 cathode. (From Xia, 

C.R. and Liu, M.L., J. Am. Ceram. Soc., 84, 1903, 2001.)
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solution can also be forced through the nozzle with a syringe pump. Sprayed droplets reaching the 

substrate surface undergo pyrolytic decomposition. Newly deposited fl at droplets, with thickness in 

the 10–20 nm range, pile up on the previously deposited droplets and undergo pyrolytic decompo-

sition as well. This process continues until a fi lm thickness of 100–500 nm is reached [127]. The 

degree of decomposition is determined by the relationship between the substrate temperature, the 

boiling temperature of the solvents, and the melting point of the salts used for the precursor. A 

compromise has to be found between suffi ciently high deposition temperature to achieve complete 

decomposition if possible and the facility to deposit the droplets while still in a wet state on the 

substrate for a piling up of the droplets. The spray pyrolysis synthesis method has been used widely 

for the preparation of SOFC electrolyte thin fi lms as well as porous electrode coatings. The spray 

pyrolysis method offers high fi lm quality and low processing costs compared to other thin-fi lm 

deposition techniques such as PLD and chemical or physical vapor deposition. The spray pyrolyzed 

thin fi lms are usually amorphous after deposition [128], which can be converted to a nanocrystalline 

isotropic microstructure with grain boundaries perpendicular to the fi lm surface [129].

Rupp et al. [130] performed a comprehensive characterization of a Gd0.2Ce0.8O1.9 − x (GDC) thin 

fi lm deposited by spray pyrolysis technique at 350°C and annealed at 1000°C. The fi lm composi-

tion was Gd0.23Ce0.77O1.9 − x, slightly different from the ratio of the components in the precursor. The 

results also show that the pyrolysis process would lead to thin fi lms that contain trace amounts of 

carbon and hydroxyl groups from the precursors. However, the residues of the spray pyrolysis fi lm 

appear to have little effect on the electrical properties of the GDC fi lms. The cracks formed dur-

ing the thermal decomposition and heat treatment could be eliminated by optimizing the substrate 

temperature and repeating the fi lm deposition and heating cycle [131].

Spray pyrolysis was also used to deposit porous and catalytic active NiO/SDC composite anode 

fi lms at a substrate temperature 350°C and an annealing temperature 500°C [132]. Using a precur-

sor sol consisting of solution prepared from strontium acetate, lanthanum nitrate and manganese 

nitrate dissolved in propane-1,2-diol and LSM powder at a concentration of 0.2 mL−1, a thin porous 

LSM electrode with distribution of pores between 2 and 3 μm has been deposited by spray pyrolysis 

[133]. Porous coatings can also be obtained by powder spray without subsequent decomposition at 

the substrate (i.e., wet powder spraying). However, the adhesion and uniformity of the porous coat-

ing would be diffi cult to be controlled.

Flame assisted vapor deposition (FAVD) is a combination of spray pyrolysis and fl ame synthesis. 

In this method, an atomized solution is sprayed through a fl ame in an open atmosphere in which 

decomposition and combustion reactions occur, resulting in a stable fi lm deposited on a heated 

substrate. This method requires simple apparatus and is performed at a relatively low temperature 

and at a high deposition rate. Choy et al. [134] prepared porous LSM cathodes by FAVD. Ethanol 

is added to the nitrite precursor solution to make the solution more infl ammable. The morphology 

Pressure/pump

Precursor solution

Atomizer/nozzle

Spray

Sample substrate

Heating plate

FIGURE 5.22 A schematic diagram of a typical spray pyrolysis setup.
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and porosity of the LSM coating depend strongly on the deposition temperature (i.e., the substrate 

temperature). A LSM electrode deposited at a deposition temperature of 710°C produced a rather 

high polarization resistance of 1.34 Ω cm2 at 900°C. FAVD was also used to fabricate multilayer 

LSM/doped CeO2 on YSZ electrolyte [135].

Similar to FAVD, combustion CVD (CCVD) is an open-air, fl ame-assisted chemical deposition 

process, capable of producing a wide range of coating morphologies from very dense to highly 

porous structures. Liu et al. [136] successfully employed CCVD to fabricate functionally graded 

LSM/LSC/GDC cathodes on YSZ electrolyte using nitrate solution precursors. In this method, 

methane is used as the fuel gas and oxygen as the oxidant for the combustion fl ame. Grain sizes as 

small as ~50 nm can be obtained.

The spray pyrolysis deposition has the advantages of simple set-up, inexpensive and nontoxic 

precursors, high deposition effi ciency, and direct deposition under ambient atmosphere.

5.5.2 ELECTROSTATIC SPRAY DEPOSITION

Spray pyrolysis of aerosol under electrostatic fi eld, electrostatic spray pyrolysis deposition or electro-

static spray deposition (ESD), has been developed and used to prepare thin electrolyte and electrode 

layers for SOFCs [137]. In the case of ESD, a high DC voltage (e.g., 6–10 kV) is applied between the 

nozzle (positive polarity) and the grounded substrate (negative polarity) of a normal spray pyrolysis 

device of Figure 5.22. The distance between the nozzle and the grounded substrate is in the range 

of 30–50 mm. ESD makes use of electrostatic charging to disperse the liquid. The advantage of 

electrostatic dispersion is that the unipolar (usually positive) charge helps to achieve very small drop 

sizes. The charge also prevents coalescence of drops, hence agglomeration of particles, during spray. 

Also, the electric fi eld allows a high degree of control over the direction of fl ight and the distribution 

of the rate of deposition over the substrate. For fundamental aspects of the ESD or electrospraying 

techniques in general, readers should refer to a detailed review by Jaworek [138].

Nomura et al. [139] studied the effect of ESD process on the morphology and density of thin 

YSZ layers on Ni/YSZ anode substrates using a colloidal suspension of YSZ. Direct use of colloidal 

suspension would avoid the chemical reactions associated with the precursor solutions during the 

dispersion and deposition process. Operating parameters such as colloidal concentration, particle 

size of feed solution, solution medium, fl ow rate, nozzle tip shape, distance between nozzle and 

substrate, substrate temperature, and applied voltage were found to be important on the quality and 

morphology of the deposited YSZ fi lms. For example, the shape of the nozzle tip strongly affects 

the type of spray. A thin-layer (~3 μm thickness) YSZ electrolyte was deposited on Ni/YSZ anode 

substrate, achieving an open circuit of 1.06 V at 800°C.

Fu et al. [137] used ESD to deposit porous LSCF fi lms on stainless steel and glass substrates 

using metal nitrate precursor solutions. The as-deposited fi lms are amorphous, but after calcin-

ing at 750°C, the deposited fi lms crystallize to form the perovskite phase. Films obtained at the 

deposition temperature of 350°C are much more porous than those obtained at 150°C and 250°C, 

which is attributed due to the preferential landing of aerosol droplets and agglomeration of particles. 

Princivalle and Djurado [140] studied the effect of YSZ content and nozzle-to-substrate distance 

on the morphology of LSM/YSZ composite cathodes on YSZ substrate by ESD. Shown in Figure 

5.23 are SEM micrographs of the LSM/YSZ composite fi lms deposited at 350°C as a function of 

YSZ content in the composites [140]. The nozzle-to-substrate distance was 45 mm. When the YSZ 

content in the composites was lower than 50 wt%, the deposited composite fi lm morphology was 

found reticulate and highly porous; see Figure 5.23a–c. In the case of 40% LSM/60% YSZ compos-

ite coatings, the ESD LSM/YSZ coating becomes much denser; see Figure 5.23d. The simultaneous 

boiling and drying of the solution with low YSZ content is suggested to be the origin of the forma-

tion of reticulate coatings. ESD was also used to deposit highly porous LSCF thin layers on SDC 

electrolyte before applying the screen-printed LSCF cathode [141]. The LSCF double layer cathode 

reduces the electrode polarization resistance by 50% as compared to single layered LSCF cathode.
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5.6 LITHOGRAPHY AND ETCHING TECHNIQUES FOR μ-SOFCS

Lithography in combination with an etching process based on substrates such as Ni or silicon wafers 

has been used in the design and fabrication of miniature or μ-SOFCs. Chen et al. [142] fabricated a 

micro thin-fi lm SOFC based on thin-fi lm deposition and microlithographic processes. The μ-SOFC 

is composed of a thin-fi lm electrolyte deposited on a nickel foil substrate by PLD. The Ni foil 

substrate was then processed into a porous anode by photolithographic patterning and wet etching 

to develop pores for gas transport into the fuel cell. A La0.5Sr0.5CoO3 thin-fi lm cathode was then 

deposited on the electrolyte, and a porous NiO/YSZ cermet layer was added to the anode to improve 

the electrode performance. The μ-SOFC yielded a maximum output power density of 110 mW cm−2 

at 570°C. Huang et al. [37] fabricated a thin-fi lm SOFC containing 50–150 nm thick YSZ or GDC 

electrolyte and 80 nm porous Pt cathode and anode, using sputtering, lithography, and etching tech-

niques. The peak power densities are 200 and 400 mW cm−2 at 350°C and 400°C, respectively. The 

high power densities achieved was attributed to the ultrathin electrolyte and the high charge-transfer 

reaction rates at the interfaces between the nanoporous electrodes (cathode and/or anode) and the 

nanocrystalline thin electrolyte. The unit cell area was 0.06 mm2 and increasing the cell area may be 

diffi cult due to the inadequate mechanical strength of the freestanding electrolyte fi lms.

Prinz’s group [22] fabricated freestanding ultrathin corrugated YSZ electrolyte cells using a 

sequence of MEMS processing steps. The SOFC is based on a corrugated thin-fi lm electrolyte, 

which is generated by a pattern transfer technique. Figure 5.24 shows the process fl ow for fabri-

cation of the corrugated thin-fi lm μ-SOFC. A 350 μm thick, (100) n-type silicon wafer is used to 

generate the template. One side of the silicon surface is patterned by standard photolithography and 

deep reactive ion etching (DRIE) to create cup-shaped trenches with smooth cup sidewall surface. 

A 100 nm thick low stress silicon nitride is deposited on both sides of the wafer with low pressure 

chemical vapor deposition (LPCVD). On the opposite side to the etched trenches, the silicon nitride 

20 μm

20 μm

(a) (b)

(d)(c)

20 μm

20 μm

FIGURE 5.23 SEM micrographs of the LSM/YSZ composite fi lms deposited at 350°C for YSZ content of 

(a) 21%, (b) 43%, (c) 50%, and (d) 60% in the composites. (From Princivalle, A. and Djurado, E., Solid State 
Ionics, 179, 1921, 2008.)
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layer is patterned to generate square openings for subsequent silicon etching. ALD technique is 

applied to deposit the ultrathin YSZ electrolyte, forming a corrugated fi lm (~70 nm thick). To release 

the YSZ membrane, the silicon substrate is immersed into a 30 wt% KOH solution for 5 h at 85°C. 

Pt anode and cathode are then sputtered on both sides of the freestanding YSZ membrane to form 

the cell. The maximum power density is 677 mW cm−2 at 400°C [22].

However, photolithography, in combination with the etching process, is complicated and often 

diffi cult since the etching process could damage the fuel cell materials. In addition, the resolution 

of wet etching is generally limited to ~10 μm. Dry etching would allow much fi ner patterns but is 

time-consuming for a multilayered Ni-based substrates.

5.7 CONCLUDING REMARKS

Many different techniques are available for thin-fi lm deposition and fabrication of SOFC com-

ponents. They can be classifi ed into three main groups: (1) the vapor-phase deposition, such as 

physical or chemical deposition, spray pyrolysis, plasma spray, etc.; (2) the liquid/colloidal-

phase deposition such as EPD, sol-gel, slip-casting, and dip-coating methods; and (3) the particle 

deposition/consolidation methods such as tape casting, screen-printing, etc. Physical vapor deposi-

tion techniques such as PLD and sputtering are generally expensive techniques from the point of 

view of equipment and have low deposition rates of a few nanometer per minute. But the quality of 

the fi lms can be precisely controlled. Similarly, vacuum deposition techniques such as CVD, EVD, 

MOCVD, etc., also suffer from relatively high equipment cost and complexity, particularly when 

compared to more conventional particle deposition/consolidation methods of thin-fi lm techniques 

that include tape casting, EPD, screen-printing, and transfer-printing. Despite these challenges, 

physical deposition and vacuum methods offer a number of unique advantages. Very thin, fully 

dense fi lms can be produced on either porous or dense substrates, and can be formed at tempera-

tures much lower than those required in traditional ceramic processing, avoiding unwanted inter-

facial reactions. Physical deposition and vacuum methods are also well suited to the formation of 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h) Bottom (Anode)

YSZ(100) Silicon wafer
Silicon nitride Platinum

Top (Cathode)

FIGURE 5.24 Process fl ow diagram for fabrication of the corrugated thin-fi lm SOFC. The (100) silicon 

substrate is etched by DRIE to generate the template for pattern transfer (a, b). A 100 nm thick silicon nitride 

layer is deposited with LPCVD on both sides of wafer (c). The backside of silicon nitride is patterned with 

openings (d), followed by ALD deposition of YSZ onto template (e). Silicon template is etched in KOH (f) and 

silicon nitride etch stop is removed by plasma etching (g). The freestanding corrugated electrolyte is deposited 

with porous platinum on top (cathode) and bottom (anode) sides acting as both electrode and catalyst. (From 

Su, P.C. et al., Nano Lett., 8, 2289, 2008. With permission.)
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interlayers, where small grain sizes and thin layer thickness are required. Among the most unique 

aspects of physical and vacuum deposition is the ability to produce unique structures that are not 

otherwise achievable [61]. On the other hand, vacuum plasma spray (VPS) has the advantages of 

high deposition rate and the ability to be automated. However, there are two major concerns for the 

electrolyte deposited by VPS: anisotropic properties and signifi cant variation in fi lm thickness.

In contrast, the particle deposition/consolidation methods such as tape casting and screen-printing 

are popular, inexpensive, and are easily scaled up. The main issue is the thickness reduction. The 

minimum scale of the layers produced by state-of-the-art particle deposition/consolidation methods, 

such as tape casting, is several micrometers. On the other hand, slurry- or dip-coating techniques 

exhibit advantages of low capital cost and simplicity of equipment and can be applied to produce 

very thin and high-quality electrolyte fi lms through the control of the surface microstructure of 

the substrate and the sol particle and particle size distribution [92]. Moreover, slurry or dip coat-

ing can be employed to fabricate thin electrolyte fi lms not only for planar SOFCs, but also tubular 

SOFCs. The major concerns of the liquid- or colloidal-based deposition methods are the strain 

induced during drying or sintering, which results in some processing defects such as cracks, pores, 

or delamination. Thus, the most feasible way to overcoming these problems is by a multicoating 

process. However, the repeated processing approach may not be economically viable for the indus-

trial fabrication and production of the SOFCs components. For the deposition processes involving 

colloidal solution or liquid slurry care should also be taken to prevent the solution from fi ltration 

into the porous substrates.

The choice of an appropriate thin-fi lm deposition technique for SOFC applications is strongly 

infl uenced by the material to be deposited, the desired fi lm quality and microstructure, process 

complexity and scalability, areas, shape, and geometry of the substrates to be deposited, and the cost 

of the instrumentation and operation. The SOFC technology has demonstrated much higher energy 

effi ciency with extremely low pollutant emission as compared to conventional energy technologies, 

but the cost of the current SOFC systems is still prohibitively high for wide commercial applica-

tions. One of the major cost items is the cost of SOFC stack fabrication. The cost of thin electrolyte 

fi lms, electrode coatings, and protective coatings for metallic interconnect is an important factor in 

the commercial realization of SOFC technologies. Nevertheless, in cases such as μ-SOFCs the high 

fi lm quality and ability to produce unusual confi gurations would outweigh other considerations for 

the selection of thin-fi lm deposition techniques.

ABBREVIATIONS

AFL anode functional layer

ALD atomic layer deposition

APS atmosphere plasma spray

ASR area specifi c resistance

CCVD combustion chemical vapor deposition

CVD chemical vapor deposition

DC direct current

DMFCs direct methanol fuel cells

EB-PVD electron beam-physical vapor deposition

EPD electrophoretic deposition

ESD electrostatic spray deposition or electrostatic spray pyrolysis deposition

EVD electrochemical vapor deposition

FAVD fl ame-assisted vapor deposition

GDC Gd-doped ceria or (Gd, Ce)O2−δ
LAFAD large area fi ltered arc deposition

LPCVD low pressure chemical vapor deposition

LSCo lanthanum strontium cobaltite or (La, Sr)CoO3
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LSCr lanthanum strontium chromite or (La, Sr)CrO3

LSM lanthanum strontium manganite or (La, Sr)MnO3

OCV open circuit voltage

PLD pulse laser deposition

RF radio frequency

SDC Sm-doped ceria or (Sm, Ce)O2−δ
SOFCs solid oxide fuel cells

TPB three phase boundaries

VPS vacuum plasma spray

YDC yttria-doped ceria or (Y, Ce)O2−δ
YSZ yttria-stabilized zirconia or (Y, Zr)O2

μ-SOFCs micro-solid oxide fuel cells
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