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Abstract

The deposition of an amorphous La–Cr–O thin film on a stainless steel was done by radio frequency magnetron sputtering to obtain a

protective coating on the metallic interconnect for solid oxide fuel cells. The deposited film was amorphous, but underwent two-phase

transformations to the perovskite structure as a result of annealing at 700 8C for 1 h. The first transformation was from amorphous to the

monoclinic LaCrO4 monazite type compound. The second transformation was from LaCrO4 to orthorhombic LaCrO3 perovskite. As a result

of the phase transformation nano-structured self-assembled dendritic structure was formed with the desired perovskite phase. The structural

characterization of the film was done by X-ray diffraction, phase shift microscopy, scanning electron microscopy with energy dispersive

X-ray analysis, and micro-Raman spectroscopy.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Energy conversion using solid oxide fuel cells (SOFCs)

is a highly efficient and an environmentally friendly

technology [1]. Unlike lower temperature fuel cells,

SOFCs can use both hydrogen and carbon monoxide as

fuels, thus any traditional synthesis gas source is a potential

fuel for SOFC applications. At the current operating

temperatures (600–800 8C) it is also possible to reform

hydrocarbon fuels on the anode side of the fuel cell. The

direct electro-conversion of fuel into electrical energy with a

high efficiency is particularly attractive.

Since the early 1960s, the development of SOFC

technology has been primarily directed toward manufactur-

ing of electrical generation plants and the R&D of SOFCs

was mostly on .100 kW systems with robust design and

high temperature operation (1000 8C) for high output

power. The need for high temperature operation originated

from the necessity to increase the ionic conduction through

the electrolyte for efficient SOFC operation. Such high

temperatures strongly limited the choice of materials

because of significant thermal degradation. Overcoming

some of the materials degradation issues has led to the

development of intermediate temperature SOFCs (IT-

SOFCs) that are categorized as operating at 600–800 8C,

although 800 8C is more typical. The lower temperature of

operation makes less expensive materials more viable

candidates and also opens up opportunities for new

applications. For example, one very promising application

of IT-SOFCs is to produce 1–25 kW units for automotive

applications. Another recent SOFC development is minia-

turized units of 100 mW–1 W for portable electronics

devices. Commercialization of these applications will

require even lower operating temperatures and additional

materials improvements.

A single SOFC consists of an air electrode (cathode), an

electrolyte, and fuel electrode (anode). The typical materials

set for the IT-SOFCs are perovskite cathodes such as

LaxSr12xMnO3, Ni–YZrO2 cermet anodes, and Y2O3
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stabilized ZrO2 electrolyte. The cells are separated by

interconnects which serve to electrically connect the cells,

separate fuel and oxidant flows, and to distribute gases in the

proper directions and provide structural integrity [3]. When

SOFCs were operated at 1000 8C, LaCrO3 based perovskites

were the only choice available as an interconnect material

for such high temperature SOFC applications [2]. As

research moved to the IT-SOFCs and even nano-structured

low temperature (LT) SOFCs, another prospective inter-

connect material emerged [4,5]. The Cr containing stainless

steel (SS) is seriously being considered to substitute for the

brittle and unreliable LaCrO3 perovskite as an interconnect

material for IT and LT applications.

The limiting factor for use of the metallic interconnect in

SOFCs is a low corrosion resistance and a formation of pure

conducting oxide layers on the cathode side when inter-

connect is exposed to the oxidative environment [6]. The

metallic materials may require an additional coating in order

to achieve the long lifetime required for commercial systems

(.40,000 h). To protect metallic interconnect against

oxidation at least two different strategies have been used.

One of them is the addition of thin layers of surface dopants

[7,8] such as Y, La, and Ce that can change the growth

mechanism of the oxide scale on the Cr containing alloy’s

surface; and a second one is the coating of the interconnect

with a conducting oxide layer such as an electrically

conductive perovskite to suppress oxidation [9,10].

Here we report a feasibility study on LaCrO3 thin film

deposition on SS 446 substrates and a characterization of the

film’s structure. The LaCrO3 perovskite thin film deposited

by RF-magnetron sputtering on the Cr containing SS as a

protective coating against interconnect oxidation in the

aggressive SOFC environment is under consideration.

2. Experimental

Thin films were deposited by RF-magnetron sputtering

on the Cr containing SS substrates. High chromium ferritic

Fe–25Cr steel coupons (SS 446) with the chemical

composition Fe (74 wt%), Cr (23 wt%), Mn (1.5 wt%), Ni

(0.3 wt%), Si (1.0 wt%), C (0.2 wt%) were used as a

substrate material. SS substrates (10 £ 10 £ 5 mm3) were

polished with a diamond spray to a mirror surface. The

schematics of the sputter down system set up are presented

in Fig. 1A. The magnetron sputtering was performed at Thin

Films, Inc. The substrates were coated in the RF-sputtering

mode under 8 £ 1023 Torr Arþ. The substrate temperature

was 25 8C at the beginning of deposition. The target to

substrate distance was 5 mm. After pre-sputtering the target

for 30 min, the substrates were moved into position under

the target and then remained stationary. The total time of

sputter deposition, at 500 W power, was 5 h. Highly porous

(40%) light green color LaCrO3 perovskite was used as a

target material (Fig. 1B). Energy Dispersive Spectroscopy

(EDS) analysis of the target LaCrO3 show a slight excess of

Cr with 49.11/50.89 at.% La/Cr ratio. The light green color

thin film was deposited (Fig. 1C). The EDS of an as-

deposited film composition gave 56.54/43.46 at.% La/Cr

ratio. After sputtering, the SS sample with deposited film

was annealed at 300 and 500 8C for 15 min, and finally at

700 8C for 1 h using a controlled heating rate of 30 8C/min.

After dwelling at 700 8C for 1 h the sample was taken out of

the furnace and cooled in air. After annealing X-ray

diffraction (XRD) pattern was acquired from the LaCrO3

deposited SS sample.

Environmental scanning electron microscopy (SEM),

interferometric surface profiler with phase shift technology

and optical microscopy were used for characterization of the

surface morphology and microstructure of the thin films. A

Siemens diffractometer was used to determine the crystal

structure of the thin films. A micro-Raman spectrometer

Renishaw 1000 was used to study the vibrational spectra of

the thin film. The excitation light was a 514.5 nm line of

Arþ Ion laser. The incident and scattered beams were

focused using an Olympus microscope with 50 £ objective

and a laser spot as low as 4–5 mm. All measurements were

performed at room temperature. The Raman bands were

deconvoluted using Grams software.

3. Results and discussion

Film thickness measured with an interferometric surface

profiler with phase shift technology was 0.2 mm (Fig. 2A).

The ‘as-deposited’ film was very smooth and had high

quality of the surface (Fig. 2B). The amorphous nature of

the as-deposited film was confirmed by XRD [11]. There

was a very small amount of oxygen (,20 at.%) present in

as-deposited film.

Fig. 1. (A) A schematic presentation of RF-magnetron sputtering deposition

process. (B) A micrograph of the LaCrO3 perovskite target microstructure.

(C) A photograph of an amorphous La–Cr–O thin film after deposition.
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After annealing at 700 8C for 1 h, the perovskite

structure was developed and several distinctive structural

features are present (Fig. 3). Large grain regions could be

clearly seen in the micrographs (Fig. 3A), most of them

with cracks at the edges that expose the SS 446 surface to

the environment. Additionally, a fine dendrite structure

grew during annealing and such structure was especially

well pronounced in the large grains with the size of

individual dendrites reaching 300 nm. The film structure

inside the grains consists of small dendrites that tend to be

organized in a self-assembled structure on the surface

(Fig. 3B). All dendrites have a roundish morphology. The

oxygen content in the annealed film was much higher, as

a result of annealing being done in air. While it was

expected that the perovskite structure would be formed at

or above 780 8C [12], we found the LaCrO3 perovskite

after annealing at as low as 700 8C for 1 h. One possible

explanation for the lower temperature formation may be

that the very same sample was annealed first at 300 8C,

and then at 500 8C for 15 min, before annealing at 700 8C,

therefore, such LT short term annealing facilitates the

perovskite phase formation.

The cracks formation at the boundaries of large grains

was a result of shrinkage during crystallization of the

amorphous film. Another important factor that contributed

to the crack formation and has to be considered here is the

mismatch in coefficient of thermal expansions (CTEs) of the

thin film and the SS substrate material. The CTE of SS is

10 £ 1026 K21 and the CTE of LaCrO3 is 9 £ 1026 K21

[13,14]. This results in development of compressive residual

stresses in the film during cooling after annealing. It is

known that crystallization of the amorphous film occurs via

nucleation and subsequent grain growth [15]. First, local

ordering occurs without significant requirement of nuclea-

tion that leads to a locally ordered structure composed of

medium-range and short-range ordered clusters. Such

locally ordered structure is more stable than the amorphous

phase, but it has no characteristics of a crystalline phase

such as clearly visible peaks in XRD pattern or diffraction

spots in the transmission electron diffraction pattern. Such

local structural inhomogeneities in the amorphous state are

one of the parameters that controls further heterogeneous

nucleation and crystal growth process during amorphous–

crystalline transition [16]. When local ordering dominates,

Fig. 2. Thickness (A) and surface morphology (B) of as-deposited La–Cr–

O film were measured by interferometric surface profiler, phase shift

technology.

Fig. 3. Micrographs of the LaCrO3 perovskite structure formed after

annealing of amorphous film at 700 8C for 1 h. (A) A dendritic structure of

LaCrO3 perovskite. (B) A self-assembled structure of LaCrO3 crystallites

inside grains. (C) Insert: full width at half maximum of {111} peak and

calculated crystallite size of the LaCrO3 thin film.
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the transformation upon annealing leads to a structure

composed of very small short- or medium-range ordered

clusters, and the process does not require significant

nucleation of critical nuclei. The earliest stage of crystal-

lization is the hardest to observe, yet it usually dictates the

rest of the growth process. There is always a ‘free-energy

barrier’ to nucleation, because creating a new interface

between different clusters costs free energy. And such costs

are higher for small clusters or nuclei because they have a

higher ratio of surface area to bulk volume, so small clusters

have to reach a certain size to stand a chance of surviving

[17]. After the formation of locally ordered structure, further

heating initiates long-range ordering (crystallization) of the

structure that is dominated by nucleation and grain growth

and the formed precipitates are rather large. Both these

processes reduce the free energy of the material, and,

therefore, provide a thermodynamic driving force. The

question that needs to be answered is whether crystallization

starts at the film-substrate interface with crystals growing to

the surface, or crystallization starts from the film surface.

It was reported recently that in the case of La–Cr–O

compounds, the amorphous to the monoclinic monazite type

LaCrO4 phase transition occurs at 495–530 8C. The

reaction is exothermic [12]. In a separate set of experiments,

the results of which will be presented elsewhere [18], we

annealed separate samples of similar amorphous films at

selected temperatures (300, 400, 500, 600, 700, 800, and

900 8C) for 1 h without any preliminary heat treatment. In

these experiments, similar results were obtained as in Ref.

[12] on La–Cr–O thin film, with no diffraction pattern

observable on the as-deposited film, or after annealing at

300 or 400 8C for 1 h. At 500 8C some very small peaks,

almost non-distinguishable from the background could be

found. However, Raman spectroscopy revealed a significant

increase in the intensity of the bands that belong to LaCrO4

structure for the thin film annealed at 500 8C for 1 h [11]. To

find more definitive answers on the structure of La–Cr–O

film annealed at 500 8C, transmission electron microscopy

together with convergent-beam electron diffraction should

be performed [19]. Films annealed at 600 and 700 8C

showed a monoclinic structure of monazite type LaCrO4, as

confirmed by XRD and Raman spectroscopy. The reaction

of the decomposition of LaCrO4 to LaCrO3 perovskite

further occurs at 780–840 8C. The reaction LaCrO4

(monoclinic) ! LaCrO3 (orthorhombic) þ 0.5O2 is

endothermic and TG data showed a weight decrease that

correspond to the oxygen removal from the lattice [12]. The

LaCrO4 decomposition is considered to be composed of the

four elementary reactions: (a) nucleation and growth of

LaCrO3; (b) a phase-boundary reaction between LaCrO4

and LaCrO3; (c) diffusion of oxygen species through the

LaCrO3 layer; and (d) an evolution of O2 gas. As one of the

possible mechanisms of the oxygen evolution, the absorp-

tion of the oxygen species on the LaCrO3 surface prior to

deoxygenation was also proposed. The molecular volume

and theoretical density of LaCrO4 are 82.30 Å3 molecule21

and 5.15 g/cm3, respectively, and for LaCrO3 these values

are 58.58 Å3 molecule21 and 6.77 g/cm3, respectively [20].

Therefore, the loss of oxygen in LaCrO4 leads to about 30%

decrease of molecular volume, which corresponds to about

10% decrease in the grain diameter of LaCrO3. It was

reported [21] that LaCrO4 compound is reversible in a

reduction–reoxidation treatment, and, while reduced to

Cr3þ perovskite structure, could be restored by reoxidation

in high oxygen partial pressure atmospheres. In our study,

only the LaCrO4 phase was found as an intermediate

product of the amorphous to perovskite structure phase

transition, and no other mixed oxides compounds, such as

La2CrO6 or La2(CrO4)3 phases, were detected. The thin film

annealed at 800 8C for 1 h showed LaCrO3 perovskite

structure, however, in the thin film annealed at 900 8C both

LaCrO3 perovskite and LaCrO4 monazite type structures

were found. Thus, two transitions, one from amorphous to

monoclinic LaCrO4 monazite type phase, and a second one

from LaCrO4 to orthorhombic LaCrO3 perovskite phase,

were detected during annealing of La–Cr–O thin films. The

discussion on the detailed mechanisms of the amorphous to

perovskite structure phase transitions will be presented in

full detail elsewhere [18].

The structural changes occurring during the amorphous

to crystalline transition have a clear tendency to generate

self-organized network [22]. It was pointed out that in

amorphous material there are non-random structural net-

works that go beyond just simple chemical ordering. It was

also pointed out that such networks could self-organize.

Such self-organization decreases the local degrees of

freedom of the structure and some constraints in the film

are removed [23]. The development of the self-organized

model leads to an understanding of the necessity of two

phase transitions and an intermediate phase that should be

rigid but stress-free [22]. In case of the La–Cr–O thin film,

it was demonstrated that an amorphous to perovskite

structure transition occurs via two steps: a first step is an

amorphous to monoclinic LaCrO4 monazite phase, as an

intermediate phase transition, and a second step is when the

LaCrO4 transforms to the LaCrO3 perovskite. The self-

assembled structures of LaCrO3 perovskite phase was

demonstrated as a result of all the different processes that

occurred during heat-induced crystallization from the

amorphous state (Fig. 3B).

The formation of perovskite structure after annealing at

700 8C for 1 h was confirmed by XRD [11]. The crystallite

size is one of the important parameters of the perovskite

structure, therefore it is important to calculate it. It is well

known [24] that the peak width in the XRD pattern is related

to the size of crystallites that compose the material. Besides

the minuteness of the crystallite, non-uniform distortion of

the crystallite is another factor that causes the broadening of

peak width. Accordingly, the size of the average crystallite

can be determined by measuring a peak width. The size of

the crystallite is inversely proportional to the peak width.

Scherrer’s equation Dhkl ¼ kl=b cos u; where l is the X-ray
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wavelength for measurement (Å), b is the full width at half

maximum (FWHM) due to crystallite size (rad), u is the

Bragg angle of diffracted rays, k is a constant, was used for

calculation of the crystallite size of LaCrO3 perovskite. The

calculated size of the LaCrO3 crystallite was 22 nm. The

{112} peak was used to calculate the crystallite size, which

turned out to be much smaller than the average size of the

small dendrites that make up the larger grains of the films. It

means that each dendrite consists of 5–7 crystallites.

While X-ray analysis did not reveal any specific

differences between LaCrO3 perovskite target material

and LaCrO3 thin film annealed at 700 8C for 1 h, the Raman

spectra of the perovskite target and perovskite thin film

were different (Fig. 4). The Raman spectrum of the porous

target exhibits a strong dependence on the laser power/local

heating of the surface (Fig. 4A). While bands at 154, 178,

260, 430, 590, 720, 1005, 1320, and 1443 cm21 wave

numbers were observed at 2.5 and 6.25 mW laser power,

with some of the bands actually consisting of several

overlapping bands, both the intensity and FWHM of the

bands were significantly changed when laser power was

increased to 12.5 mW. All of the overlapping bands that

were evident at lower laser power had almost disappeared

and what remained were single rather broad bands. As laser

power increased even more to 25 mW, certain bands such

as 154 and 178 cm21 disappeared entirely, and at lower

wavenumbers bands were much lower in intensity and the

width became very broad. It is clear that target material is

very sensitive to local surface heating by the Arþ Ion laser.

The Raman spectrum of LaCrO3 perovskite, similar to the

one that we collected from the target material, was

published in Ref. [25].

Raman spectra collected from the perovskite thin film

surfaces exhibit completely different features than those of

the target material. The bands at 149, 172, 253, 427, 582,

695, and a small band at 857 cm21 are detected. Based on

our previous results [11], we assigned a small 857 cm21

band to Cr5þ compound, and the rest of the band to

LaCrO3 perovskite structure. Two bands at 149 and

172 cm21 can be assigned to La internal vibrations.

Sometimes, three bands in this low wave number region

can be collected, instead of two presented in Fig. 4B, all of

them assigned to different modes of La vibrations. Two

broad and strong modes at 582 and 695 cm21 could be

tentatively assigned to O–Cr–O bending and stretching

vibrations, while bands at the intermediate range of 253–

427 cm21 can be assigned to octahedra rotational modes.

The surface of LaCrO3 perovskite thin film is not sensitive

to the laser overheating and the intensity of the spectra

collected at different laser power increases as a laser power

was increased from 2.5 to 25 mW. The differences in the

Raman spectra collected from porous LaCrO3 target

material and the LaCrO3 perovskite thin film requires

further detailed investigation.

4. Summary

Feasibility of deposition of La–Cr–O thin film by RF-

magnetron sputtering was studied. A 40 nm/h deposition

rate was obtained and 5 h of deposition was required to

grow a 0.2 mm thin film. The as-deposited film was

amorphous as confirmed by XRD. After annealing at

700 8C for 1 h, the amorphous film transformed to LaCrO3

perovskite structure. Two steps occurred during such

amorphous to perovskite structure transition: the first step

is the amorphous to LaCrO4 monoclinic structure transition

at 495 8C, and the second step is the LaCrO4 to LaCrO3

orthorhombic structure transition at 780 8C. However, in our

case the temperature of the second transition was lowered to

700 8C because of the preheating of the thin film sample at

300 and 500 8C for 15 min. The nano-crystalline self-

assembled dendritic structure of LaCrO3 perovskite thin

film was demonstrated by SEM. The LaCrO3 orthorhombic

perovskite was found to be a Raman active ceramic and the

peculiarities of the Raman spectra of the LaCrO3 porous

target material and the LaCrO3 thin film were discussed.
Fig. 4. Raman spectra of (A) LaCrO3 perovskite target and (B) LaCrO3

perovskite film as a function of laser power.
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