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a b s t r a c t

In micro-solid oxide fuel cells (�-SOFCs) ceramic thin films are integrated as free-standing membranes on
micromachinable substrates such as silicon or Foturan® glass ceramic wafers. The processing of �-SOFCs
involves unavoidable dry- or wet-chemical etching for opening the substrate below the free-standing
fuel cell membranes. In the first part of this paper current dry- and wet-chemical etchants for structuring
of ceria-based electrolyte materials are reviewed, and compared to the etch-rates of common �-SOFCs
substrates. Wet-chemical etchants such as hydrofluoric acid are of high interest in �-SOFC processing
since they allow for homogeneous etching of ceria-based electrolyte thin films contrary to common dry-

®

hin films
tching
eria
icrofabrication

etching methods. In addition, HF acid is the only choice for substrate etching of �-SOFC based on Foturan
glass ceramic wafers. Etching of Ce0.8Gd0.2O1.9−x spray pyrolysis electrolyte thin films with 10% HF:H2O is
investigated. The etch-resistance and microstructures of these films show a strong dependency on post
deposition annealing, i.e. degree of crystallinity, and damage for low acid exposure times. Their ability
to act as a potential etch-resistance for �-SOFC membranes is broadly discussed. Guidance for thermal
annealing and etching of Ce0.8Gd0.2O1.9−x thin films for the fabrication of Foturan®-based �-SOFCs is
given.

© 2009 Elsevier B.V. All rights reserved.
. Microfabrication of micro-solid oxide fuel cells devices

Micro-solid oxide fuel cells (�-SOFCs) are potentially an alter-
ative power supply to Li-ion batteries for portable electronics
perating on fuel and air, independent from the electric net [1–3].
he first proof-of-concept for power delivery of these membranes
as illustrated recently for low operating temperatures between

00 and 600 ◦C [4–6]. This new type of solid oxide fuel cell requires
he active cell components as tri-layers of cathode electrolyte and
node thin films forming a mechanically free-standing fuel cell
embrane integrated on a substrate. A schematic view of a state-

f-the-art �-SOFC membrane is displayed in Fig. 1. The active
lectrochemical cells of �-SOFCs are made by free-etching of the
ubstrate underneath the fuel cell membrane to allow for the gas
ccess on both sides. Depending on the choice of substrate for the
-SOFC, i.e. silicon [4] or Foturan® glass–ceramic-based wafers [5]

ry- or wet-chemical etchants are used, accordingly.

Foturan® glass–ceramic wafer substrates are advantageous
ompaired to Si-based ones for fabrication, as they are electri-
al insulators. Therefore, no additional SiO2 or Si3N4 insulating

∗ Corresponding author. Tel.: +41 44 632 5651; fax: +41 44 632 1132.
E-mail address: jennifer.rupp@mat.ethz.ch (J.L.M. Rupp).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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coatings are needed in contrast to Si-wafer-based �-SOFCs [7–9].
Thermal expansion coefficients close to the ceramic �-SOFC thin
film layers [10] and the possibility to structure via selective UV-
exposure through shadow masks without the use of conventional
photoresists [7] are attractive. However, the only suitable etchant
for structuring of Foturan® glass–ceramic-based wafers is etching
with a solution of 10% HF:H2O acid [7,10]. Microstructering of
�-SOFC membranes on base of Foturan® glass–ceramic wafers
remains challenging as HF acid is known to be very aggressive and
its reaction on the fuel cell thin film microstructures, as well as their
etch-rates are almost nonexistent. In conclusion, this leads to low
yields in device microfabrication, as the etch processes are difficult
to control. A typical Foturan®-based �-SOFC membrane [5,11,12]
as well as one of its electrolytes formed by the precipitation-based
method of spray pyrolysis from Ce0.8Gd0.2O1.9−x is presented
[13,14] (Fig. 2). Due to the given advantages of �-SOFC processing
based on Foturan® glass–ceramic-based wafers we concentrate
in this paper on structuring of Ce0.8Gd0.2O1.9−x thin films by 10%
HF:H2O etching, and the impact of the initial film microstructure

on its etch-resistance. In order to compare and value achieved
etch-rates and microstructures we review in the following current
dry- and wet-chemical etchants and etch-rates for structuring
of ceria-based thin films always in view of the common �-SOFC
substrate materials.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jennifer.rupp@mat.ethz.ch
dx.doi.org/10.1016/j.jpowsour.2009.11.082
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Fig. 1. Schematic view of Foturan®-based �-SOFC membranes.

Fig. 2. (a) Top-view light microscopy picture of three individual �-SOFC membranes
on a Foturan® chip with dimension 2.5 cm × 2.0 cm. Membranes are 200 �m wide
and less than 1 �m thick composed of anode, electrolyte and cathode as thin films,
seen as round films, as well as Pt current collectors. (b) Cross-sectional SEM image
of free-standing �-SOFC membrane integrated on a Foturan® wafer substrate. The
area underneath the membrane is free-etched via 10% HF acid, after photolithog-
raphy and masking. (c) State-of-the-art Ce0.8Gd0.2O1.9−x spray pyrolysis thin film
electrolyte for �-SOFC membranes on substrate. This film is shown after annealing
at 1100 ◦C to full crystallinity.
ources 195 (2010) 2669–2676

2. Dry- and wet-chemical etching of ceria-based thin films
towards microfabrication

Ceria-based materials are ambitious to microstructure via etch-
ing due to their ability to undergo changes in their oxidation state
within the redox couple Ce4+-Ce3+ with consequent formation
or annihilation of oxygen vacancies [15]. It is known that ceria-
based films are highly resistant towards most commonly used
wet-etching agents, including strong acids and their mixtures, e.g.
aqua regia [16]. The reason for this is the poor solubility of the
Ce4+ ions and the strong tendency to stabilize easily in a complex
action such as chloro- or amino-complexes. Contrary to Ce3+ which
forms soluble compounds in most acidic aqueous solutions, and
this ability needs to be taken into account for wet-etching. It was
proven by Kossoy that the use of reducing acidic etch solvents,
i.e. HCl + K4[Fe(Cn)6] or HNO3 + FeSO4·7H2O are ideal solutions
for structuring through wet-chemistry [16]. Most interestingly
reducing acidic etchants do not attack common microfabrication
materials such as SiO2, Si3N, or metals such as Cu, Ag or Au,
and would even allow for distinctive patterning. Dry-etching
etches ceria-based materials [17] and conventional Si3N4 elec-
trical insulation coatings [18] at almost equal etch-rates around
0.01 �m min−1 and therefore hardly allows one define etch stops
(Tables 1 and 2). Among the wet-chemical etchants only HF acid
were reported as well as the reducing acidic etchants [19]. Latterly
wet-etchant becomes even more relevant in view of the limited
structuring of Foturan® glass ceramic wafer substrates to HF acid.
However, etch-rates for ceria-based thin films are unpublished
and cannot be revealed towards Foturan® glass ceramic wafer
substrates to judge on their ability to act as potential etch stops.

Dry-chemical etching is in contrast to wet-chemical etching
highly directional through ion bombardment [18]. The conse-
quence is the ability of the thin films to show undercuts towards
the substrate. For microfabrication of electroceramic devices
this is undesirable since variations in the dimensions of an elec-
troceramic thin film affect the current distributions and ohmic
resistances. Pure Ar+ ion etching through physical destruction
of Ce–O bonds were reported, these experiments were initially
performed for depth profiling in SIMS and XPS analysis (and not
intended for microfabrication) [17]. Reactive ion etching through
Ar+/CF4 or Ar+/Cl2 plasmas were discussed for microfabrication
of FRAM (ferroelectric random access memories) [20]. Amongst
the dry etchants reactive ion etching is one of the best choices as
the etch-rates are higher, around 0.025 �m min−1, and it is less
directional compared to pure Ar+ ion bombardment. In dry-etching
techniques the formation of low-volatile Ce chlorides and fluorides
through the formation of low volatiles, adds to the pure physical
cracking of ceria bonds. Comparison of reactive ion etch-rates for
ceria-based films to those of Si-based microfabrication substrates
revealed that these are very closely related (Tables 1 and 2).

Etch-rates and etchants reported in literature are summarized
for ceria-based materials and can be compared to those of standard
microfabrication substrates, i.e. Si, Si3N4 or Foturan® glass–ceramic
as shown in Tables 1 and 2, respectively.

Considering the variable nature of ceria-based thin film
microstructures it remains questionable which role the initial film
processing and post-deposition thermal history has on future etch-
resistance. Their role as etch stops is therefore hard to predict and
needs further attention. It is known from literature that the choice
of a thin film deposition method has a high impact on its deposited
microstructure and thermal evolution. Two classifications of thin

film methods can be grouped together: precipitation-based (i.e.
sol–gel, spray pyrolysis or CVD) and vacuum-based (i.e. PVD or PLD)
thin film deposition techniques. In both thin film groups, materials
can vary from isotropic structures with round nanocrystalline
grains or fully amorphous films to anisotropic microstructures,
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Table 1
Common etch-rates for dry- and wet-chemical etchants towards ceria-based materials in known literature.

Material Processing Etch-rate (�m min−1) Etchant Dry-chemical
etching

Wet-chemical
etching

Ref.

Ce0.8Gd0.2O1.9−x
Sintered pellet – HF X [19]
Spray pyrolysis thin film 0.011 Ar+ X [17]

CeO2−x

RF sputtered thin film 0.0002–0.001 HCl + K4[Fe(Cn)6] X
[16]

0.003 HNO3 + FeSO4·7H2O X
0.01–0.02 Ar(80) + CF4(20) X

[20]
0.003–0.025 Cl/(Ar(80) + CF4(20)) X

Table 2
Common etch-rates for dry- and wet-chemical etchants towards microfabrication substrates in literature.

Material Processing Etch-rate (�m min−1) Etchant Dry-chemical etching Wet-chemical etching Ref.
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Si Wafer 0.0005–0.01 KOH
Si3N4 LPCVD 0.025 O2(4
Foturan® Glass–ceramic wafer 10–20 10%

.e. biphasic amorphous–crystalline phases, crystal orientations or
olumnar grains [21]. Full crystallization of thin films to exclude
esidual amorphous phase is, in many cases, impossible with
espect to temperature as the �-SOFC substrates cannot exceed
00 ◦C. With higher temperatures Foturan® glass–ceramic wafers
elt [10] and Si-based wafers start to oxidize [18].
Precipitation- and vacuum-processed thin films differ strongly

n their chemical valence and even composition after film deposi-
ion: vacuum-based films show a major tendency to crystallize in
olumns and pronounced anisotropies in the thin film microstruc-
ures results. In general, pronounced orientation of a material can
ead to severe anisotropy towards a wet-etchant such as KOH etch-
ng of oriented Si-wafers [22], and etching at non-perpendicular
ngles or undercuts results. Moreover, the reducing conditions of
acuum processing can lead to pronounced reduction of materials,
.g. ceria-based. Contrary, precipitation-based films always con-
ain salt rests such as chlorine, fluorine, ammonia and different
mounts of hydroxyl or carbon groups from the solvents due to
heir preparation based on precursors. It was shown in literature
hat these residues, i.e. Cl or C, can remain in the material up to
igh temperatures and incorporate ceria resulting in low packag-

ng densities [23–25]. In addition, these chemical residues affect
he crystallization and grain growth kinetics through thermal
ost-annealing of the material [26].

Due to the fact that wet-chemical etching is based on the
ormation of volatile compounds with Ce ions results in homoge-
eous and well controllable etching, it is most likely that chemical
esiduals from precursor rests in precipitation-based films may
acilitate the etching. In this respects strong differences between
he etch-resistance of precipitation- and vacuum-based thin films
re to be assumed.

Nevertheless, it can be summarized that especially the role of a
hin film microstructure on the etch ability and resistance towards
n etch-resistance is completely unknown, but is of high relevance
or microfabrication of �-SOFC devices.

In this paper we study the impact of the wet-chemical etchant
F acid on Ce0.8Gd0.2O1.9−x electrolyte thin films fabricated via
et-chemical precipitation method, spray pyrolysis. Latterly a
eposition method was chosen to deposit Ce0.8Gd0.2O1.9−x thin
lms since it is a relatively low-cost and precipitation-based
ethod for �-SOFC fabrication. Film properties, i.e. crystallization,

rain growth, electric and thermodynamic stability were well char-

cterized for this material in previous studies [13,14,17,26–28].
tch-resistance of these films towards 10% HF:H2O was investi-
ated with respect to exposure time and ambient microstructure
anging from fully crystalline to biphasic amorphous–crystalline.
tch-rates will be compared against other etchants and discussed
X
[18]

4(96) X
2O X [7,10]

for state-of-the-art microfabrication substrates. Specific guidance
for future �-SOFC processing based on precipitation-based thin
films and wet-etching of Foturan® wafer substrates will be given.

3. Experimental

3.1. Thin film preparation

Gadolinia-doped ceria (CGO = Ce0.8Gd0.2O1.9−x) spray pyrolysis
precursor solutions were made from 0.02 mol l−1 gadolinium chlo-
ride (Alfa Aesar, 99.9% purity) and 0.08 mol l−1 cerium nitrate (Alfa
Aesar, 99% purity) dissolved in 10:90 vol.% water and tetraethyleng-
lykol (Aldrich, >99% purity). These precursor solutions were fed
to a spray gun (Compact 2000KM, Bölhoff Verfahrenstechnik, Ger-
many) with a liquid flow rate of 5 ml h−1 and atomized with 1 bar
air pressure. The droplets produced in this manner were sprayed
on a heated sapphire single crystal substrate (Stettler, Switzer-
land) at 390 ± 5 ◦C for 1 h. The working distance between the spray
nozzle and the hot plate was kept at 45 cm during all experiments.
The spray pyrolysis process is described in further detail elsewhere
[29–32]. After spray pyrolysis the films are amorphous and can
be converted to biphasic amorphous–nanocrystalline or totally
nanocrystalline films by post-annealing at higher temperatures
than the spray pyrolysis deposition temperature [27,28]. For this
investigation thin films were annealed with 3 ◦C min−1 heating
and cooling rate to either 600 or 1000 ◦C with an isothermal hold
of 10 min in air at the maximum temperature. By this annealing
step crystallization of the originally amorphous films is induced.

3.2. Chemistry of the thin films

The chemical composition of the as-deposited films were deter-
mined by energy dispersive X-ray spectroscopy (EDX, Leo 1530,
Germany) using the cerium and gadolinium L-lines at 20 kV.
For quantitative EDX analysis, the Proza correction method was
chosen.

3.3. Crystallization and grain growth of the thin films

Crystallization and average grain size was determined by X-ray
diffraction (XRD, Bruker AXS D8 Advance). Samples were annealed
in situ (Anton Paar HTK 1200), where the change in line width of

the Bragg peaks provided information on the average grain size.
Diffracted X-rays from the sample were detected by a position
sensitive detector (Braun PSD ASA-S). The XRD setup entailed a
copper radiation source (� = 0.15404 nm) operated at 40 kV and
40 mA with a K�1-Ge monochromator (Bruker AXS). The average
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presence of 22 ± 2 cat% gadolinia in the ceria lattice [17,27].
The most intense XRD peak is always the (2 0 0) peak relative to

the (1 1 1) peak. All annealed films within this study show isotrop-
ically distributed grains over the film with a (2 0 0) orientation
perpendicular to the substrate. This is in agreement with previous
672 J.L.M. Rupp et al. / Journal of Po

rain size was determined from the full width at half maximum
FWHM) and using Fourier analysis of the XRD peaks, refined by
split Pearson 7 function (Software EVA 6.0). The FWHM results

rom instrumental broadening and thin film microstructure. The
nstrumental peak broadening of the diffractometer was deter-

ined by measuring a commercially available microcrystalline and
tress-free macrocrystalline gadolinia-doped ceria powder of large
articles. The instrumental broadening can be eliminated from the
WHM using the Warren and Biscoe equation [33]. Average grain
ize was calculated according to the Scherrer equation [34,35].

Crystallization of the amorphous spray pyrolysis thin films dur-
ng subsequent annealing were measured in calibrated differential
canning calorimetry (DSC/TG, Netzsch STA 449C) experiments.
hese measurements enable the degree of crystallinity from the
xothermic heat loss reading and the amount of amorphous ver-
us crystalline phase to be determined. In order to quantify the
SC results, the instrument was calibrated with calibration stan-
ards (Netzsch 6.223.5-91.2) of known melting points and heat

osses. Material from the as-deposited amorphous thin films were
cratched off from the sapphire substrates and 50 ± 1 mg of pow-
er was enclosed in a closed Pt pan and measured against an
mpty closed Pt pan as reference. Non-isothermal DSC readings
ere recorded from room temperature to 1100 ◦C at 6 ◦C min−1

nder static air atmosphere. Fully crystallized Ce0.8Gd0.2O1.9−x
pray pyrolysis powder was measured under the same experimen-
al conditions in order to correct the quantitative DSC analysis. The
esult of this experiment was recorded and subtracted from the
ther measured results of partially crystallized materials.

.4. HF etching of the thin film microstructures

The films were etched in 10% HF:H2O acid at room temperature
nder constant stirring after annealing the Ce0.8Gd0.2O1.9−x thin
lms at 600 or 1000 ◦C.

The microstructures of the thin films were characterized using
canning electron microscopy (SEM, Leo 1530, Germany). The top
ayer of a thin film was sputtered (Bal-Tec, SCD 050, Sputter Coater)

ith Pt in order to avoid charging and to allow imaging at higher
esolutions. Average grain sizes of the thin films in respect to
nnealing temperature and impact of HF acid during etching were
valuated by linear intercept length analysis with program LINCE
.31D from SEM micrographs. Conversion rate of intercept length
o grain size was obtained by multiplying the grain size conversion
actor of 1.56. The etch-rate of HF acid on the thin films was quan-
ified by change in image contrast between crystalline grains and
ubstrate by Image J 1.33u.

. Results and discussions

.1. Thermal annealing of precipitation-based Ce0.8Gd0.2O1.9−x
pray pyrolysis thin films

The typical microstructure of a post-annealed Ce0.8Gd0.2O1.9−x
pray pyrolysis thin film is displayed in the SEM cross-section
f Fig. 2(c). The gadolinia-doped ceria films selected for this
tch-resistance study were always dense and had a crack-free
icrostructure with an overall film thickness of 100 ± 15 nm

fter film deposition. It is also shown in the SEM cross-sectional
icrostructure that the grains of the films were isotropically

istributed over the film. General details on these thin film

icrostructures can be found elsewhere [27,28].
The evaluation of microstructure of as-deposited

e0.8Gd0.2O1.9−x spray pyrolysis thin films with temperature
ere studied via X-ray diffraction is shown in Fig. 3. As-deposited
lms show no clear Bragg diffractions only broad halos around
Fig. 3. XRD analysis of Ce0.8Gd0.2O1.9−x spray pyrolysis thin films with respect to
temperature.

the diffraction angles. The precipitation-based films are X-ray
amorphous directly after deposition. Sharp XRD peaks develop
with higher temperature increments and crystallization, in accor-
dance with the cubic fluorite crystal lattice of the gadolinia-doped
ceria [36]. XRD analysis is in agreement with EDX confirming the
Fig. 4. (a) Non-isothermal DSC signal of Ce0.8Gd0.2O1.9−x spray pyrolysis thin films
for 6 ◦C min−1 heating rate in static air atmosphere. (b) Calculated fraction of crys-
tallized material from the exothermic crystallization peak signal of DSC analysis.
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tudies on gadolinia-doped ceria films deposited by precipitation
s spray pyrolysis [27], sol–gel [37], or CVD [38].

Non-isothermal crystallization, as well as general heat fluxes, of
he Ce0.8Gd0.2O1.9−x spray pyrolysis thin films were recorded via
SC for ±6 K min−1 (Fig. 4(a)). At low temperature an endother-
ic reaction is observed with a peak maxima at 120 ◦C, which,

orresponds to the desorption of residual water. Between 400 and
000 ◦C there is a broad exotherm coincident resulting from the
eat release during crystallization of the sample. In general, such
n exothermic DSC heat release reflects the transformation of an

morphous to a crystalline phase and is proportional to the crys-
allization enthalpy of the material [39–41]. Kinetic measures such
s crystallization enthalpy, as well as full Johnson–Mehl–Avrami
JMA) analysis for nucleation and crystallization characteristics
an be reasonably analyzed for precipitation-based metal oxide

ig. 5. SEM top-view micrographs of 100 nm thick Ce0.8Gd0.2O1.9−x spray pyrolysis thin
xposure time. The impact of HF on microstructures is shown for thin films annealed a
nnealed at 1000 ◦C: (d) 0 min, (e) 5 min, (f) 20 min and (g) 60 min HF exposure time.
ources 195 (2010) 2669–2676 2673

thin films, in a similar manner to state-of-the-art studies in
glass–ceramics via classic DSC experiments [26]. In Fig. 4(b), the
calculated crystallized fraction versus temperature plot is displayed
for the DSC exotherm. This reveals a typical sigmoidal JMA curve
shape, as shown in previous studies for precipitation-based metal
oxide thin films [26] and conventional glass–ceramics [41–44].
The nucleation phase indicated by the non-linear correlation
between crystallized fraction and temperature, around 400–460 ◦C,
proceeds within a very short temperature frame of �T = 30 ◦C.
Nucleation starts just briefly above the deposition temperature,

around 390 ◦C, a temperature increase of only 10 ◦C is required
to initiate crystallization of these films. This demonstrates that
the amorphous material contains enough nuclei for crystalliza-
tion, which is typical for the kind of metal oxides prepared from
organo-metallic complexes by precipitation [26]. The crystalliza-

films on sapphire substrates with respect to annealing temperature and HF acid
t 600 ◦C: (a) 0 min, (b) 5 min and (c) 20 min HF exposure time, and for thin films
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ion of the material proceeds over a wide temperature range of
T = 600 ◦C, indicated by the linear behavior of crystallized frac-

ion versus temperature. Full crystallinity is reached around 950 ◦C
ith a characteristic Kissinger activation energy of crystallization

45] of 96.5 J g−1 for the Ce0.8Gd0.2O1.9−x films. Details on evalua-
ion of Kissinger activation energy for metal oxide thin films are
iven elsewhere [26].

It can be concluded from this DSC-based crystallization
tudy that the XRD-sample annealed at 600 ◦C is biphasic
morphous–crystalline with 62% amorphous residual phases,
hereas the film annealed at 1000 ◦C is fully crystalline as crystal-

ization has clearly been accomplished. The annealing temperature
f the biphasic film represents the state-of-the-art maximum
emperature of Foturan®-based �-SOFCs during processing [5].
eating above 800 ◦C would harm the substrate in fabrication. Both
e0.8Gd0.2O1.9−x thin films were exposed to HF acid as they dif-
er strongly in their degree of crystallinity at equal (2 0 0) grain
rientation and film thickness.

.2. Etch-resistance towards HF acid of precipitation-based
e0.8Gd0.2O1.9−x spray pyrolysis thin films

The influence of 10% HF:H2O acid on Ce0.8Gd0.2O1.9−x spray
yrolysis thin film microstructures were studied with respect to
xposure time to the acid, and are shown in Fig. 5. The 10% con-
entration of the HF is chosen in accordance with the fabrication
uidelines for structuring of Foturan® glass–ceramic wafers given
y the supplier. In Fig. 5(a) and (d), SEM micrographs of the unex-
osed biphasic amorphous–crystalline and fully nanocrystalline
hin films annealed at 600 and 1000 ◦C are displayed, respectively.
n addition, these samples differ in their average grain size, i.e.

ore than doubled the 40 nm for the samples annealed at higher
emperature. The overall film thickness evaluated via SEM was
pproximately 100 ± 15 nm, and used for all films in this study.

Irrespective of the degree of crystallinity and average grain size,
F acid attack caused severe damage to the films after 5 min. A
loser inspection at the etched film surface, showed that the etchant
emoves the top layer of the film first, as only residual patches of the
op layers remained (Fig. 5(b) and (e)). Increasing the etch time to
0 min lead to attacking and etching of grain boundaries (Fig. 5(c),
f) and (g)).

In general, the biphasic amorphous–crystalline films were
ttacked more (after shorter times) by HF acid than the fully crys-
alline ones. This is especially visible in the comparison of the
0 min exposed microstructures to HF acid. A completely discon-
ected biphasic film remains with visible parts of the substrate and
connected microstructure with large pores and partially etched

rain boundaries were visible for the fully crystalline one (Fig. 5(c)
nd (f)). Complete disconnection remaining parts of the substrate
ere only visible for the fully crystalline film in the case of the

0 min etched film.
Etching rates of 2.54 ± 0.1 and 0.62 ± 0.03 area% min−1 for 10%

F:H2O in Ce0.8Gd0.2O1.9−x films were determined from linear fits
f the biphasic and fully crystalline films, respectively. It can be
oncluded that increasing the crystallinity enhances the resistance
f Ce0.8Gd0.2O1.9−x thin films against exposure to HF acid (Fig. 6).

One can also assess the relative etch-rates through the film
hickness from the SEM micrographs, i.e. etching through the
ubstrate (Fig. 5(c), (f) and (g)). In case of the biphasic and
ully crystalline Ce0.8Gd0.2O1.9−x thin film 10% HF:H2O etch-rates
re 0.005 ± 0.001 to 0.002 ± 0.001 �m min−1, respectively. Latterly

tch-rate errors are higher relative to the area etch-rate errors since
he exact time for etching completely through the film to the sub-
trate is less precisely given.

Etch studies on fully amorphous Ce0.8Gd0.2O1.9−x thin films
evealed that films are completely etched in less than 1 min attack
Fig. 6. Etched away area fraction determined from SEM top-views of 100 nm thick
Ce0.8Gd0.2O1.9−x spray pyrolysis thin films on sapphire substrates with respect to
their exposure time in 10% HF acid concentrate and previous annealing temperature.

to 10% HF:H2O. No etch-rate was determined since the time span
until full disappearance was too short to establish precise data
points for amorphous thin films.

Comparison of known literature reveals that the etch-rates of
the spray pyrolysis Ce0.8Gd0.2O1.9−x films for etching in 10% HF:H2O
are close to those for dry- or other reducing acid wet-etchants
(Table 3). Varying microstructures in their degree of crystallinity
had a strong effect on the etch-rate. Quantitative changes were as
large as etch-rate changes due to usage of different etchants for
equal ceria-based film microstructures, i.e. changing the reaction
gas in a dry-etching process or switching between totally differ-
ent wet-chemicals (Tables 1 and 3). Increase of amorphous phase
and the consequential lowering of the packaging density of the film
material increased its etch-rate.

All etch-rates of Ce0.8Gd0.2O1.9−x thin films are extremely close
to conventional Si-wafers or their electric insulation coatings, i.e.
Si3N4. The largest discrepancy in etch-rate was observed between
the Ce0.8Gd0.2O1.9−x films and the Foturan® glass–ceramic wafers
(Table 3).

4.3. Guidance for the Foturan® -based �-SOFC processing with
precipitation-based electrolyte thin films: thermal annealing and
etching

The free-etching of �-SOFC substrates has to be well controlled
under laboratory conditions, since over-etching of the membranes
for too long time spans results in their cracking and damage. As a
consequence the etch-rate of the wafer substrate has to be much
higher than the one of the Ce0.8Gd0.2O1.9−x thin film on the sub-
strate. According to known literature etch-rates between 10 and
20 �m min−1 towards 10% HF:H2O acid were reported for the crys-
talline phase of the Foturan® glass–ceramic [7,10]. These etch-rates
were triple in magnitude compared to that of Ce0.8Gd0.2O1.9−x thin
films measured (Table 3). Even though the difference in etch-rates
between the �-SOFC electrolyte thin film and the Foturan® wafer
substrate is large this does not signify the thin film as a good etch
stop. According to literature, Foturan® etching proceeds over the
grain boundaries whereby its grains disconnect and fall out [8–10].

Since its grains are in tenths of microns in size within 1 min already
one grain layer is etched according to its etch-rate. This signifies
that the engineer has to know by the minute precisely when the
Foturan® is etched through otherwise HF acid will severely dam-
ages the Ce0.8Gd0.2O1.9−x thin film microstructures by creeping in
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Table 3
Comparison of etch-rates for Ce0.8Gd0.2O1.9−x electrolyte thin films made by the precipitation-based spray pyrolysis method towards �-solid oxide fuel cell relevant substrates
towards HF acid.

Material Etch-rate (�m min−1) Microstructure HF:H2O concentration (%) Ref.

Ce0.8Gd0.2O1.9−x spray pyrolysis thin films
0.002 Fully crystalline

10
This study

0.005 Biphasic: amorphous–crystalline (38%
crystalline phase)
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Foturan® glass–ceramic wafer
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Si3N4 LPCVD thin film (common
electric insulation coating on Si-wafer)

0.02 Crys

ts grain boundaries and dissolving potential amorphous residual
hases. Moreover, the impact of HF acid on the electric properties
f �-SOFC thin films for low exposure times is still to be investi-
ated and may affect, apart from mechanical stability of the fuel
ell membrane, also its power performance.

Etching the Foturan-based �-SOFCs with a lower concentrated
F acid solution, i.e. 1% HF:H2O may be a suitable solution to gain
better control of the free-etching process once it is close to the
embrane. In a first step most of the substrate could be etched with

0% HF:H2O until the last 100 �m of substrate underneath the thin
lm remains to benefit from the high etch-rate. In a second step, the
embrane could be free-etched by the use of a lower concentrated
F acid bath, i.e. 1% HF:H2O to reduce the damage of HF acid on the
lm microstructure during free-etching and membrane formation.

. Conclusions

In this paper the impact of 10% HF:H2O as a typical wet-chemical
tchant in �-SOFC fabrication on Ce0.8Gd0.2O1.9−x thin film made by
pray pyrolysis was studied. The progress in film microstructures
mpact of the etchant, as well as corresponding etch-rates were
etermined.

Known literature comparison clearly revealed that there is a
trong dependency of thin film microstructure (i.e. degree of crys-
allinity) on the etch-rate of Ce0.8Gd0.2O1.9−x thin films. The impact
f microstructure on the etch-rate is even as large as changing the
tchant in a dry- or wet-chemical etching procedure for an equal
lm microstructure. In general, the etch-rates of Ce0.8Gd0.2O1.9−x
hin films, Si or Si3N4 towards HF acid and other dry- and wet-
hemical etchants are extremely close, thus, challenging for
i-based microfabricated devices. Most interestingly a strong
ifference exists in the case of Foturan®glass ceramic wafers.

Therefore, we would like to give the following general guidelines
oncerning free-etching and thermal annealing steps for Foturan®-
ased �-SOFC fabrication:

. Isothermal annealing steps during fabrication. Crystallization of
precipitation-based thin films to fully crystalline films increases
their etch-resistance towards wet-chemical HF acid severely.
It was shown in previous studies that crystallization could be
accomplished for precipitation-based thin films for isothermal
annealing of more than 10 h at 600–800 ◦C [26,27], which would
also be a harmless annealing temperature for Foturan® (and
also Si) wafers. The damage of HF acid on the Ce0.8Gd0.2O1.9−x
thin film microstructures can be kept to a minimum, as it can
only attack grain boundaries, but not larger residual amorpous
phases.

. Free-etching of the Ce0.8Gd0.2O1.9−x thin film. Keeping the actual
time of fuel cell membrane free-etching as short as possible,

over-etching can be avoided. The Ce0.8Gd0.2O1.9−x thin film may
be a good etch stop in terms of the etch-rate, but the thin
films get damaged early for short time spans by the HF acid
in the grain boundaries. Since the Foturan® etch-rates are a
factor of 1000 or larger, and its etching progresses fast, it is a

[
[

[

[

, ceramic phase
[10]
[7]

40 [18]

major challenge to avoid that the thin film is exposed for a time
span longer than 1 min. In case of longer etching exposure of
the Ce0.8Gd0.2O1.9−x thin film, we can confirm severe effects on
the film microstructures, but the overall impact on its power
performance or mechanical stability is unclear. Lowering the
concentration of the HF acid to a solution of 1% HF:H2O may
result in a better control of the thin film free-etching process,
and less damage to the thin film microstructure.
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