J Mater Sci (2023) 58:1481-1504

Ceramics

o')

Check for
updates

Chemical expansion of CeO,_; and Ceg gZry>0,_; thin
films determined by laser Doppler vibrometry at high
temperatures and different oxygen partial pressures

Dhyan Kohlmann'* @, Hendrik Wulfmeier', Marvin Schewe?, lurii Kogut', Carsten Steiner®,
Ralf Moos® @, Christian Rembe?, and Holger Fritze'

"Institute of Energy Research and Physical Technologies, Clausthal University of Technology, Am Stollen 19B, 38640 Goslar,
Germany

2Institute for Electrical Information Technology, Clausthal University of Technology, LeibnizstraBe 28, 38678 Clausthal-Zellerfeld,
Germany

3 Department of Functional Materials, University of Bayreuth, UniversitdtsstraBe 30, 95447 Bayreuth, Germany

Received: 3 June 2022 ABSTRACT

Accepted: 4 October 2022 The chemical expansion of ceria (CeO,_;) and ceria-zirconia (CeggZr20,-;,

Published online: CZO80) thin films is investigated by high-temperature laser Doppler vibrometry

13 January 2023 (LDV) at temperatures from 600 to 950 °C. The films are deposited on single-
crystalline 8 mol-% yttria-stabilized zirconia substrates, which act as pumping

© The Author(s) 2022 cells to adjust oxygen non-stoichiometry in the thin films. Oxygen deficiency

causes film expansion, leading to mechanical strain that bends the sample. The
total displacement, i.e., the sum of bending and film-thickness change, is
determined contact-less by LDV. A differential laser Doppler vibrometer (D-
LDV) is realized to enable measurements on a very long time scale, which is
necessary due to the long equilibrium times of the ceramic films. These dis-
placements are compared to those acquired with a commercial single-point laser
Doppler vibrometer (SP-LDV) for motions above 1 Hz. Here, both devices yield
similar results. CZO80 films are found to bend a substrate much more than ceria
films under similar experimental conditions. A model describing the displace-
ment of the sample is derived from the Stoney model and applied to calculate
deflections using literature data. The displacements at the center of the CZO80
sample measured with the SP-LDV increase from 0.18 nm at 10 Hz and 600 °C
to 32.7 nm at 0.1 Hz and 800 °C. For ceria, the displacements range from 1.6 nm
(10 Hz, 800 °C) to 79.4 nm (0.1 Hz, 900 °C). The D-LDV enables the detection of
quasi-static displacements at very low frequencies. The ceria sample exhibits
218 nm at 0.001 Hz and 800 °C.

Handling Editor: David Cann.

Address correspondence to E-mail: dhyan.kohlmann@tu-clausthal.de

https:/ /doi.org/10.1007 /s10853-022-07830-4 @ Springer


http://orcid.org/0000-0002-0616-4474
http://orcid.org/0000-0001-7622-0120
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-07830-4&amp;domain=pdf
https://doi.org/10.1007/s10853-022-07830-4

1482

Introduction and motivation

At first, the motivation for the choice of investigated
materials, sample design, and the experimental
approach is outlined briefly.

Ceria and its solid solutions with zirconia are
industrially used as active materials in, e.g., fuel cells,
electrolyzers, catalysts, sensors, and batteries due to
their ability to store and release oxygen from and into
the surrounding atmosphere and/or their high ionic
conductivity [1-3]. Especially in automotive exhaust
catalysts, ceria-zirconia is a standard oxygen buffer
material [3]. The insertion and release of oxygen leads
to a change in stoichiometry, which can be associated
with a change in volume [1, 4-11] called chemical
expansion. Since a thin film adhering firmly to a
negligibly expanding substrate cannot expand freely
like the respective bulk material, the chemical
expansion leads to the build-up of lateral mechanical
stress in the film. As the active material in the
aforementioned applications is often realized in the
form of a thin film, the chemical expansion behavior
of ceria-zirconia thin films with different ceria/zir-
conia ratios must be understood to tailor mechanical
stress for given applications. The focus of this paper
is on nominally undoped ceria and ceria-zirconia
with 20% zirconia.

Mechanical stress due to chemical expansion can
lead to cracking, delamination and even disintegra-
tion of the films, which are some of the main reasons
for the failure of the components mentioned above [2]
and must therefore be mitigated in order to extend
their service life. For those components, chemical
expansion should be minimized or compensated. On
the other hand, the effect of chemical expansion can
be maximized. Materials with high and reproducible
chemical expansion coefficients could be used in a
new class of high-temperature actuators. There is a
demand for devices that can operate at temperatures
beyond the Curie temperatures of common piezo-
electric materials (e.g., up to 365 °C for lead zirconate
titanate (PZT) ceramics [12]). These new actuators
could be used in combustion engines, chemical
reactors and other applications to influence, e.g., the
flow of reactants at high temperatures, or generally
harsh conditions.

It has been demonstrated that the formation
enthalpies for oxygen vacancies in, e.g., Pr-doped
ceria, are significantly lowered in thin films
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compared to bulk materials [13-15]. Those studies
were conducted on PryCey9O,_s films with thick-
nesses of approx. 131 nm [14] and 256 nm [13], which
is around a quarter of the thickness of the thinnest
film studied in this work. The higher film thicknesses
used in this study are more application relevant.

Increasing non-stoichiometry and related chemical
expansion in the thin films is achieved by periodi-
cally pumping oxygen ions from the film into the
substrate, which acts as a pumping cell. The electro-
chemical approach has the advantage over directly
regulating the oxygen partial pressure of the sur-
rounding atmosphere that the oxygen activity in the
film can be adjusted to wider ranges with higher
rates. The resulting periodic displacement of the
sample has to be determined with the lowest possible
influence on the sample. A particularly suited
method is laser Doppler vibrometry (LDV), as it can
be applied without mechanical contact at high tem-
peratures if a specially adapted setup is used, as done
here. Previous studies by the authors [9, 11] using
praseodymia-ceria (PCO) solid solutions have shown
the unique ability to detect chemical expansion and
related effects in thin-film samples without influ-
encing the sample. PCO is known to show large
chemical expansion. Therefore, it is a well-suited
model system. CeO, and CZO are probably of higher
industrial relevance. Even without cracks, they show
significantly lower expansion effects than PCO. So,
the processes occurring in those films are much more
difficult to measure and need to be addressed by
more advanced techniques like the LDV presented in
this work. LDV is based on a non-contact optical
measurement principle allowing for high-tempera-
ture characterization up to 1000 °C. This exceeds the
range of operation of mechanically based characteri-
zation techniques by far, e.g., nanoindenters or
nanoscale electrochemomechanical spectroscopy
(NECS) is often limited to temperatures up to about
650 °C [10].

The impact of cracks in the thin films on the
bending of the samples is regarded, and they are of
particular practical relevance. To the best of the
authors” knowledge, this is the first study to correlate
the impact of cracks with the direct characterization
of the chemical expansion in thin films. Prior studies
focused mainly on perfect, i.e., dense and mostly
defect-free films, whereas imperfect films have not
been addressed systematically so far. These cracks
can develop during annealing of the samples due to a
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mismatch in the thermal expansion coefficients of the
thin film and substrate or due to the thin film con-
traction during crystallization. In the aforementioned
industrial applications, films are often required to be
dense and compact, i.e., free of pores and cracks.
However, during use in industrial reactors, combus-
tion engines, etc., the components are subject to an
aging process which consists to some extent of the
formation of such cracks [2] after several duty cycles
of heating and subsequent cooling or changing oxy-
gen partial pressure. For the hypothetical application
in an actuator, the films would have to be compact as
well, because cracks would have the effect that the
expansion does not lead to a build-up of lateral stress
which ultimately causes the substrate to bend, but to
the closing of the cracks. To better understand the
influence of such cracks on the deformation behavior
of the sample, they are microscoped and the images
analyzed. The width of and distance between cracks
in the thin films is compared to values derived from
the thermal coefficients of expansion (TCEs) of the
thin film and substrate materials and the annealing
temperature. It is expected that for these imperfect
samples a significantly lower bending of the sub-
strates is observed than for dense films. The reason
for this is that the chemical expansion of the film first
leads to a (partial) closing of the cracks until the film
resembles a dense film. Only from this point on, the
additional chemical expansion should result in
mechanical stress on the substrate, resulting in sub-
strate bending. Also, the present work proposes and
discusses a model predicting theoretical displace-
ments as well as the origin and influence of cracks in
the thin films.

Since the cracks accommodate the film expansion
partially (decreased thickness change with respect to
crack-free films due to decreased lateral stress) even
more sensitive measurements are required which is
the differential laser Doppler vibrometry (D-LDV).

Current state of research
Non-stoichiometry and chemical expansion

As oxygen non-stoichiometry is a function of tem-
perature and oxygen activity [5, 16-18], this property
can be studied by varying the oxygen partial pressure
to which a sample is exposed. Alternatively, the
oxygen activity in the thin-film samples can be
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adjusted by pumping of oxygen using the electro-
chemical approach mentioned above. Related peri-
odic deformations of samples are observed [9-11].
Oxygen activity and therefore deficiency strives
toward equilibrium with the surrounding atmo-
sphere. If the concentration of impurities is suffi-
ciently low and can be disregarded, the equilibrium
reaction in Kroger-Vink notation [19] for cerium
oxide CeO,_s and small non-stoichiometries ¢ reads
[18, 20]:

2Ce, + 0 < 2Ceq, + Vi + 150x(g) (1)

The left side of the defect equilibrium shows cer-
ium Ce(, and oxygen O] that are neutral with respect
to the lattice. VI is a two-fold positively charged

vacancy occupying an oxygen site, and Ce/Ce a cerium
ion with a single negative charge on a cerium lattice
site. For small non-stoichiometries ¢ and negligible
impurities, the concentrations of oxygen and unre-
duced metal ions can be assumed to be constant
[1,4,6,7]. The electrons are localized at cerium lattice
sites, reducing cerium ions from the tetravalent state
to the trivalent state. The equilibrium constant K of
Eq. (1) can then be expressed as:

, 12

K= |Cec.] [V IpY: (2)
Inserting the neutrality condition

[Cec] =2[vE] (3)

into Eq. (2), the relationship between the oxygen
vacancy concentration [V§] and the oxygen partial
pressure in the surrounding atmosphere p, reads:

V5] o po,’” (4)

The non-stoichiometry & can be expressed in terms
of the oxygen vacancy concentration:

0 o [VG] (5)

It has been shown that the partial substitution of
ceria with zirconia affects the reducibility of the solid
solution by lowering the formation enthalpy of oxy-
gen vacancies [21], leading to a change in the vacancy
concentration [22] and the ionic conductivity [23]
under identical circumstances. Since Zr is not
reduced itself in CZO80 at higher oxygen activities,
but lowers the enthalpy of reduction of the system
[21], Egs. (1)-(5) apply for both CeO, and CZO80.
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The non-stoichiometry ¢ in the thin film causes a
chemical expansion &c [1, 4-7] with the chemical
expansion coefficient o:

&c = OCCa (6)

The physical mechanisms linking changes in com-
position to local changes in lattice parameters and,
finally, to chemical expansion are not fully under-
stood. In [24], Schmitt et al. conclude that no single
mechanism is responsible, but that there are many
different contributions:

(@) Growth in ionic radii of the metal ions upon
reduction: The radius of the reduced Ce*" ion is
around 15% larger than that of the unreduced
Ce** ion [25], which leads to a change in lattice
parameter upon partial reduction [26].

(b) Electrostatic repulsion between charged con-
stituents of the lattice [27]: The nearest neigh-
bors of the vacancy are cations (Ce’" or Ce*"),
which are repelled by the net positive charge of
the vacancy. Mechanisms a) and b) are often
described as competing [4].

(c) Defect interactions at high defect concentra-
tions: At higher defect concentrations, defects
can no longer be treated as isolated from each
other, but their interactions must be considered.
The association of [28, 29] results in lower
electrostatic energy which diminishes the
chemical expansion [28].

More details on these mechanisms due to the for-
mation of oxygen vacancies are found in [24]. It
should be noted that other mechanisms, such as
piezoelectricity and phase transformations, may lead
to a volume change as well. However, in terms of this
study they can be largely neglected. Piezoelectricity is
described in [30, 31]. There, an ordering of the defects
in Gd-doped CeO, is achieved by application of an
electric field, which breaks the cubic symmetry of the
crystal. In [30], the electric field is on the order of
5105V, and in [31] it is 5- 10*V/.. In this work,
the voltage is largely applied to the substrate and not
to the thin film of interest. Such piezoelectric defor-
mations is therefore not taken into account here. A
charge-transfer driven phase transition in ceria is
reported in [32] for the temperature range
between — 25 and + 75 °C. As this is well below the
temperature range considered in this work, these
findings are also not taken into account here.

@ Springer
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Electrochemical pumping

The oxygen activity in the film of interest can be
adjusted by the oxygen partial pressure in the sur-
rounding atmosphere [1, 5, 6, 14, 22, 23, 33]. Here, the
time constants are determined by the gas exchange in
the furnace and ranges from several 10 min to hours,
which is too long even for measurements with the
laser Doppler vibrometer (LDV) planned here.
Alternatively, an oxygen ion conducting substrate
can be used as an electrochemical pumping cell by
applying a voltage U, see Fig. 1. Here, the film of
interest is deposited directly on the substrate.

This approach has some distinct advantages over
adjusting the atmosphere in the furnace. Apart from
the comparative ease of conducting experiments in
air or other gas atmospheres, one is able to control the
effective oxygen partial pressure in the film in wide
ranges with high rates, and therefore frequencies. In
consequence, one is able to adjust the oxygen activity
by pumping the sample cell with a periodic pumping
potential, and to achieve reversible chemical expan-
sion and substrate bending by applying an electro-
chemical bias to the sample, as shown in Fig. 1.

The oxygen partial pressure at the interface of film
and substrate can be described by the Nernst equa-
tion [34]:

. —4U.gren
eff _ _.atm

In Eq. (7), pf)fzf, p&", e, kp, and T are the effective
oxygen partial pressure at the film-substrate inter-
face, the oxygen partial pressure of the surrounding
atmosphere, the elementary charge, the Boltzmann
constant, and the absolute temperature, respectively.
The effective voltage U¢s depends on the conductiv-
ity of film and substrate, as described in Appendix
“Enhanced vertical expansion in a constrained film”.

—Ce02/ CZ080
—8YSZ

— Pt

|Waveform Generator|

Power Amplifier |

Figure 1 Schematic of the electrochemical pumping of the
sample with the substrate coated with a thin film of ceria or
CZ080, the Pty9Rhg ; front electrode, the Pt back electrode, the
waveform generator, and the power amplifier which provides the
pumping current.
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Figure 2 Schematic of the
samples and of the PtooRho PLD

contributions to the
circonia thin film
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LDV laser spots

Sample diameter 2r

Ceria / ceria- front electrode
displacement D. The 8YSZ ]
crystal serves as substrate and
pumping cell. On the front side,
the oxide thin film / T
(CZ080 or Ce0,) and a Pty oRhy ;
cover electrode are deposited.
The back side is covered by a Pt
thick-film electrode.

8YSZ substrate

After a sufficiently long time, the oxygen activity in

the film approaches the equilibrium and corresponds

eff
to Po,

strate bending” and “Discussion”.
Combining Egs. (5) and (7), one obtains:

o -16 2 eoUegt
[VO] X p02 X exp (3 kBT )

[10, 22], see Sections “In-film stress and sub-

(3)

Due to kinetic limitations, the oxygen vacancy
concentration does not reach the equilibrium value
given by Eq. (8) instantly. Because the diffusion and
exchange of oxygen between the thin film and the
substrate is a relatively slow process [10, 11, 22, 33],
the equilibrium is only achieved asymptotically, and
only after long equilibration times, which translate to
very low pumping frequencies. At high pumping
frequencies corresponding to short equilibration
times, equilibrium is not reached, and the vacancy
concentration is significantly lower than the one
given by Eq. (8). This fact explains the dependence of
the chemical expansion on pumping frequency as
long as the pumping frequency is not sufficiently low
to reach nearly equilibrium.

In-film stress and substrate bending

Non-stoichiometry é and chemical expansion ¢, i.e.,
isothermal relative change of the lattice parameter a
in the thin film, are correlated via the chemical
expansion coefficient, ac.

a(T. po,) —a(T, 021 bar)
a(T, 0.21 bar)

2eq Ut
x exp 3%,

Moreover, the expansion of a thin film deposited
on a substrate is laterally constrained. It can freely

& =

= oo (T, P02>

©)

\ Dis%lacement Df

Pt screen-printed
backside electrode

—Expansion Aty
~ = ! Deflection D,

Bending radius R

Bending angle ¢

expand vertically, but not in the xy-plane (defining
the z axis as perpendicular to the film). This lateral
constraint of the expansion leads to the build-up of
stress, which in turn bends the substrate. If the radius
r of the substrate is significantly larger than its
thickness f; and significantly smaller than the bend-
ing radius R, this bending can be described as
spherical and calculated from the Stoney model
[35, 36] using a small-angle approximation (see
Appendix “Derivation of the biaxial modulus and
biaxial strain”). As illustrated in Fig. 2, the displace-
ment of the sample surface D consists of two contri-
butions, the substrate bending D, and the vertical
expansion of the thin film At;:

D = Dy + Aty (10)

The displacement at the center of the sample with
the vertical expansion At; and deflection D, as
derived in Appendices “Sample holders” and
“Derivation of the biaxial modulus and biaxial strain”

reads:
5 E¢(1—vy) +1+Vf> (11)

Estg(l — Vf)

D = Dy + Aty = &itg <31”
1- v

This enables the calculation of expected values for
the displacement from literature data for the chemical
expansion &. Plots in the results section show, if not
stated otherwise, maximum displacements taken at
the center of the sample.

Another effect of partial substitution of ceria with
zirconia is a shift in the chemical expansion coeffi-
cient ac [7]. In the solid solution CeggZr-,0,_s, the
reducibility is greatly enhanced with respect to ceria
[21, 22], the conductivity is enhanced [23], and the
chemical expansion coefficient ac is reduced [7]. In
[5], it is found that the enhanced reducibility in
CZO80 outweighs the diminished chemical expan-
sion coefficient, resulting in a higher chemical
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expansion in CZO80 than in pure ceria under equal
conditions. Note that in the range of temperatures,
pumping voltages applied to the samples and the
resulting oxygen partial pressures (p,, > 107" bar)
in this work, the non-stoichiometry in CZO80 is
always greater than in undoped ceria [21, 22].

Experimental details
Sample preparation

The substrates consist of commercially available,
nominally 300-pum-thick (100)-oriented, 8 mol percent
yttria-stabilized zirconia (8YSZ) substrates (MTI
Corp., USA). To allow radial symmetry, they were
milled to a circular shape with a radius of
r=(5.0£0.1) mm, accounting for spalling at the
edge during the milling process. Subsequently, Pt
(C3620 Pt Paste, Heraeus GmbH, Germany) back
electrodes were deposited by screen-printing and
sintered at 1000 °C for 1 h. Its diameter and thickness
are 9.5 mm and about 5 pm, respectively. Ceria or
CZO080 thin films were deposited on the front side by
pulsed laser deposition (PLD) and annealed in air
(see below). The film thickness ranges from about
1.1 pm to 3.3 pm (see Table 1). Finally, PtyoRhg;
(m&k GmbH, Germany, 99.996% purity) cover elec-
trodes were deposited on the oxide thin film by PLD.
At the front side, where LDV measurements are
taken, the diameters of the oxide films of interest and
of the highly reflective Pty 9Rhy; electrode are 9.5 mm
and 9.0 mm, respectively. The thickness of the PLD
electrodes ranges from 200 to 300 nm.

The preparation of the ceria and CZO80 targets
used for the PLD is described in [22]. To minimize the
formation of droplets in the deposited oxide thin
films [37], the targets were reannealed at 1000 °C for

J Mater Sci (2023) 58:1481-1504

an hour and sanded before each deposition. Thin
films were deposited using a COMPex 205 KrF
Excimer Laser (Coherent Inc., USA). It was operated
at a wavelength of 248 nm with 200 m] pulses of
50 ns duration at a repetition frequency of 10 Hz and
a base pressure of 107° mbar in the deposition
chamber. The illuminated area was approximately

1 mm? and the laser fluence 2 - 10°J /mZ.The Pty oRhg ¢

cover electrode with thickness 300 nm was deposited
with 350 m] pulses of 50 ns length and 1 mm? illu-

minated area (laser fluence 3.5-10°J/ 2) at a fre-
quency of 30 Hz. The depositions were performed at
room temperature. Note that the cover electrodes
were deposited after conducting X-ray diffraction
(XRD).

After film deposition, the samples were annealed
in ambient air for crystallization and equilibration of
potential oxygen non-stoichiometry. The ceria sample
was annealed at 1000 °C for 4 h before deposition of
the PLD electrode. The first CZO80 sample (CZO80-
1) was annealed at 800 °C for 10 h. The second
CZO80 sample (CZO80-2) was originally annealed
for 10 h at 700 °C. After the measurements at and
below 700 °C (denoted CZO80-2-700), it was re-an-
nealed at 750 °C for another 10 h before conducting
measurements at and below 750 °C (denoted CZO80-
2-750). After these measurements, it was kept at
800 °C for another 10 h before taking measurements
at and below 800 °C (denoted CZO80-2-800).

All heating and cooling rates during annealing and

during the experiments were set at 3 K/min at tem-
peratures below T <600 °C, 2 K/min at temperatures,
600 °C<T<800°C, and 1K/ . at temperatures
T > 800 °C. It should be noted that the formation of

cracks in the CZO films of this study was not pre-
vented even by applying small rates of 1 K/min.

Table 1 Parameters of the

samples used for this work Sample name

Ceria or CeO,

CZ080-1 CZ080-2

Stoichiometry

Substrate thickness fg in pm
Film thickness t; in nm
Annealing

CeO,_s Ce 2102055 Ce 82192055

327+ 1.9 332 £ 2.8 325+ 4

3302 + 85 1112 £+ 30 1077 + 36

4h @ 1000 °C 10 h @ 800 °C 10 h @ 700 °C (CZ0O80-2-700)

10 h @ 750 °C (CZ0O80-2-750)
10 h @ 800 °C (CZ080-2-800)

Further information on the thermal history of sample CZOS80-2 is provided in Section “Sample

preparation”

@ Springer
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Figure 3 Schematic of the LDV

(@)
setups. The sample is maintained at

Vibrometer

the desired temperature in air by the
tube furnace, the position of the laser
spot is adjusted with a tilt mirror.

In the case of the SP-LDV (a),

the reference beam is kept within
the LDV probe head, while in

the case of the D-LDV (b),

the reference beam is placed on

Tube Furnace

the sample holder or the edge of
the sample.

Characterization of the samples

The thicknesses of the substrates were measured with
an Extramess 2000 digital gauge (Mahr GmbH, Ger-
many) at the center and four points at the edge of the
substrate. Film thicknesses were measured at four
points on the edge of the annealed film using an XP-2
stylus profilometer (Ambios Technology Inc, USA).
The film thickness was taken as the mean height of
the step detected. The thicknesses of the substrates
and films in Table 1 are the mean values with stan-
dard deviations of the respective datasets.

XRD spectra were taken with an D5005 X-ray
diffractometer (Siemens AG, Germany) operating in
Bragg-Brentano geometry. Measurement range was
25° < 20 <100°, with an angular increment of
A20 = 0.015°. The radiation used is Cu-K, with 40 kV
acceleration voltage and 40 mA current.

Scanning electron microscope (SEM) images were
made with a SmartSEM microscope (Carl Zeiss AG,
Germany) with 5 kV acceleration voltage and 1.5 nA
current, detecting secondary electrons with an in-lens
detector.

Experimental setup: SP-LDV and D-LDV

Measurements with a single-point laser Doppler
vibrometer (SP-LDV) were taken with a commercial
device using a OFV 505 LDV sensor head with a
wavelength of 633 nm and an OFV-5000 LDV con-
troller with a DD-900 displacement decoder (both
Polytec GmbH, Germany) in a setup designed
specifically for high-temperature applications. This
setup is shown schematically in Fig. 3a and described
in more detail in [9, 11]. The sample contacted in an
alumina sample holder and placed inside a HTSS 75-
180/16 tube furnace (Carbolite Gero GmbH, Ger-
many). The clamping of the sample is done around
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Data transfer
FFT

Data transfer
FFT

(b)

Vibrometer

Tube Furnace

-—— _y Tilt mirrors

-

ilt mirror

Sample support

the edge of the sample, so that it does not influence
the bending of the sample, and is symmetrical.
Electrochemical pumping is achieved with a 33502B
waveform generator (Keysight Technologies, USA)
and a voltage-controlled power amplifier (LE.D.
GmbH, Germany and MST Scientific, Germany),
which provides the electrochemical pumping current.
The displacement voltage signal Urpy from the LDV
controller is detected with a PCI-5122 oscilloscope
(NI Corporation, USA). The range of applicable
pumping frequencies is limited by low-frequency
noise from environmental influences like thermal
turbulences in the furnace which cause refractive
index fluctuations, building vibrations, and other
natural and artificial noise sources. Another source of
low-frequency noise is temperature control. With the

30 40 50 60 70 80 90 100
T jam — Ceg.752r0.250,
3 @20 (311) Zr085Y0.1501.03
© (200) (222) > 7 :
- (331) (420) (422)(511
z LI 7o TR (]
) 0 1 | 1 1 l
§ 1,0 [ T T T T T T T ]
£ —— Relative Intensity
08} (Ceq gZr,0, 0n 8YSZ) i
06 i
(200)
04} 7 ]
4
0,2 d (220) ( '/io) ]
0 0 .“J d N - --A.I T AT o L JM T Lotusahail '
30 40 50 60 70 80 90 100
20in°

Figure 4 XRD pattern of a CZO80 film on a 8YSZ substrate after
annealing for 10h at 700 °C, compared to data from
Ceg.75Z109250; [42] and 7.5YSZ [43].
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sample being placed approx. 30 cm inside the furnace
and supported by an alumina tube with a thermal

coefficient of expansion (TCE) of around 5-10~°K~!
[38], a temperature fluctuation of & 1 K would result
in an uncorrelated, slow displacement of up to
1.5 pm, yielding a large, low-frequency noise contri-
bution and preventing detection of small deflections
at low frequencies with the SP-LDV.

The high uncertainty of measurement at low fre-
quencies deserves a measurement setup that elimi-
nates or compensates disturbances. One possibility is
differential laser Doppler vibrometry (D-LDV). Such
measurements are taken on the ceria sample using a
differential laser Doppler vibrometer conceived and
realized by the authors [39, 40]. It employs a Koheras
Basik X15 fiber laser (NKT Photonics, Denmark) with

Figure 5 a, b SEM images of (a)
the CeO, sample after
annealing at 1000 °C and
conducting the LDV
experiments and ¢, d of
sample CZO80-2 after
annealing at 700 °C. The
surfaces show visible cracks
and some droplets [37], but are
otherwise compact, i.e., no
delamination and no pores are
visible even at the largest
magnification (b, d). Blurring
is attributed to electrostatic
charge build-up on the sample
surface because CeO, and ; il
CZO80 are electric insulators 10um

(c)

at room temperature.

! J Mater Sci (2023) 58:1481-1504

1550 nm wavelength. This system is optimized for
low frequencies, in a setup shown schematically in
Fig. 3b. The decoder is an OFV-5000 LDV controller
with a DD-500 displacement decoder (Polytec GmbH,
Germany). In the case of differential measurement,
the reference beam is placed on the sample holder or
the edge of the sample, and the interference signal
does not include the uncorrelated length fluctuations
of the sample holder. The effect of atmospheric tur-
bulences on the displacement signal is also greatly
diminished. The lowest pumping frequency applied
to samples in the D-LDV setup is 0.001 Hz. The dis-
placement signal is detected with an NI PCI-5122
oscilloscope card identical to the one used with the
SP-LDV.

(b)

500 nm
A

- @

50 um
—

@ Springer

500 nm
—



] Mater Sci (2023) 58:1481-1504

The pumping voltages applied to all samples range
from 0 to 0.25 V, 0.5 V, and 0.75 V, depending on the
specific experiment. Pure ceria thin films are known
to exhibit only small degrees of expansion at pop.

> 1078 bar [6, 41]. At 800 °C, this corresponds to a
pumping voltage of 0.75 V. To achieve higher non-
stoichiometries and displacements, the ceria sample
was additionally exposed to a voltage of up to 1.0 V.
The pumping frequencies applied to the sample in
the SP-LDV were 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, and
0.1 Hz. The temperature ranges were 600-800 °C for
CZ080 and 800-950 °C for ceria. All measurements
were taken in ambient air.

Experimental results
Crystal phases

The XRD pattern of a CZO80 sample after annealing
at 700 °C is shown in Fig. 4. Films with a preferred
texturization are observed that corresponds to the
[100] orientation of the YSZ single crystals. The
spectrum exhibits only the CZO80 (200), (400), and
(220) reflexes and lacks the dominant (111) reflex,
which one would expect for a polycrystalline untex-
tured film [1, 42]. The corresponding 8YSZ (200) and
(400) reflexes [43] of the substrate are also visible.

Morphology of thin films

In Fig. 5a—d, SEM images of the CeO, (a), (b) and
CZO80 (c), (d) samples are shown.

The images of both samples show cracks in the thin
films. In Fig. 5a, it can be seen that the CeO, thin film
is segmented into irregularly shaped segments. The
mean distance of the cracks was taken as the mean
value of the height and width of 23 such segments, 46
values in total, and was found to Dbe

dS$% = (8 +2) um. In Fig. 5b, one crack and a seg-
ment of the thin film are shown in detail. The seg-
ment itself consists of irregularly shaped crystallites
with sizes ranging from several tens to several hun-

dred nm, and the crack has a mean width of
wS% = (53 4 12) nm, taken at 11 positions.

crack

The cracks of a CZO80, shown in Fig. 5¢c, have a
mean distance of d$2980-2 = (42 £ 18) um, taken on
two diagonal lines across the image with a total of
fifteen cracks. The crack shown in Fig. 5d has a mean

width of (61 £ 18) nm, taken at eight positions.
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LDV measurements

The displacement can be described as spherical, as
can be seen in Fig. 6. A SP-LDV scan of the sample
surface consisting of nine points is shown here. A
maximum displacement of 48.4 nm is found at the
center of the sample. The other points show a high
radial symmetry. Fitting a sphere to the data yielded
a fitted displacement of Dg =48.3 nm. This is in
good agreement with the displacement at the center.
A bending radius of Rs = (234 +5) m and a coeffi-
cient of determination of CODy; = 0.996 are found.
At the outer four points and at the four points at half-
radius, data could not always be acquired, due to the
fact that displacements here are smaller than at the
center, and are therefore more prone to be superim-
posed with noise. This is especially the case for a
combination of lower temperatures, lower excitation
voltages and very high or very low frequencies. High
frequencies correlate with low displacements because
equilibrium is not reached, very low frequencies
result in increased noise. All of these limiting effects
result in a reduced signal-to-noise ratio. The data
taken at these points are not evaluated except for
fitting a sphere to confirm the spherical shape of the
displacement and ensure the sample is still clamped
symmetrically in the sample holder.

CeO,
T=900°C

Upump = 1V

f=1Hz
50 1
401
301
201

107

Displacement D in nm

Figure 6 Typical distribution of the displacement across the
sample. The eight points at half radius and at the edge of the PLD
electrode were taken to ensure that the displacement was spherical,
which was confirmed by fitting a sphere to the data. The
displacement values taken at the outer points are not further
evaluated here.
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The proneness of the outer points to be overlaid
with noise partially explains the discrepancy between
an exact calculation of R from Dy according to
Eq. (11) and the result of a spherical fit shown in
Fig. 6, which serves only to demonstrate that the
displacement can be described in good approxima-
tion as spherical. For further evaluation, only the
maximum displacement at the sample center is taken.

LDV measurements on the CeO, sample

In Fig. 7a—d, the measured displacements of the CeO,
sample at 800 °C, 850 °C, 900 °C, and 950 °C are
shown. It can be seen that the displacements increase
with increasing pumping voltage and temperature,
and with decreasing pumping frequency. Measure-
ments at lower temperatures were attempted with
the SP-LDV, but yielded no clearly discernible peaks
and are therefore not shown here.

The curves of the displacement taken with the SP-
LDV plotted over the frequency flatten toward low
frequencies. A minor exception from this observation
is the measurements obtained at 900 °C, where the
displacements seem to start rising again below 0.5 Hz
pumping frequency. The maximum displacements
measured with the SP-LDV are 35.4 nm at 800 °C,
50.1 nm at 850 °C, 79.4 nm at 900 °C, and 49.2 nm at

J Mater Sci (2023) 58:1481-1504

950 °C. At 950 °C, the measured displacements
obtained with a pumping voltage of 1.0 V are con-
sistently lower than those obtained with 0.75 V. At
800 °C, additional D-LDV measurements are shown.
They extend to lower frequencies than are accessible
with the SP-LDV. After reaching a plateau between
pumping frequencies of 0.5 Hz and 2 Hz, the dis-
placements start to increase again and reach another
plateau below 0.01 Hz, with a maximum displace-
ment of 218 nm.

LDV measurements of the displacement of the Cey gZr(,0,
samples

Except for the pumping voltage range, the SP-LDV
measurements on the CZO80 samples were taken in
the same way as on the CeO, sample. They are
expected to exhibit measurable displacements at
lower temperatures than the sample with a CeO, thin
film due to the enhanced reducibility outweighing
the diminished chemical expansion coefficient
[1, 5, 21]. The temperature range was chosen lower
than that for CeOs,.

In Fig. 8a—e, the displacements at five different
temperatures ranging from 600 to 800 °C are shown.
It is again apparent that the displacement increases
with increasing temperature and pumping voltage,

Figure 7 The displacements € T T T T € 100 T T
c S D-LDV at 0.1 Hz: ] c ]
at the center of the CeO, < %107 nm/ 114-nm -
sample at temperatures o 100 EPiateau: 21 Q 3 a %
ranging from 800 to 950 °C E spLov e s eesg ] ‘g’ - V—V\v\v\v 1
with pumping voltages g 10 D=35nm i IS V\v\v\v E
: o 8 ]
ranging from 0.25 to 1.0 Vpp & (a) 800 °C v—'\ﬁ 3 & (b) 850 °C
. . . Q_ Q_
and excitation frequencies @ 1 @
ranging from 0.1 to 10 Hz. At o 10"80% ' 0101 0 y e ,ll 10 a 0'1 - ; — '“110
T = 800 °C, D-LDV ’E o . ’ - o )
measurements ranging down xcitation Frequency fin Hz Excitation Frequency fin Hz
to 0.001 Hz are also shown.
100 T 3 100
The bottom part of the g i g ' ' '
figure shows the common £ ] £
£ o v v——¥% | o
legend. = v\v——v—\v\v 1 =
) L . @ L i
g 10 v\/v\v\v 3 2 10
© ] o}
o ] o
2 (¢)900°C ] I (d) 950 °C
é’ 1 aaaal aaal aaaaal 8 sl " i sl aaaaal
0,1 1 10 0,1 1 10

Excitation Frequency fin Hz

Excitation frequency f in Hz

Ce0,, SP-LDV: —y—0.25 V —y—0.50 V —y—0.75 V —y— 1.00 V
CeO,, D-LDV: —0O——0—1.00 V
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and decreases with increasing pumping frequency.
The measured displacements reach a plateau at low
pumping frequencies. The maximum displacements
are 13.1 nm at 600 °C, 19.6 nm at 650 °C, 30.2 nm at
700 °C, 25.2 nm at 750 °C, and 32.7 nm at 800 °C.

It can also be seen that the displacements of sample
CZ0O80-2 diminish after exposure to temperatures
higher than the pre-annealing temperature. In par-
ticular, the displacement of sample CZOS80-2 is
decreased after re-annealing. At 600 °C with Upymp-
=0.75V and foump = 1 Hz, the displacement taken
after re-annealing at 750 °C is diminished by 18%
compared to the displacement taken after annealing
at 700 °C. At 650 °C, this discrepancy is 38%, and at
700 °C it is 42%. After re-annealing at 800 °C, the
displacement taken at 700 °C is 32% lower than after

g 100 T T ™3 CZ080-1:

c ] —e—025V—e—050V—e—075V

S 10p 3

5 { C©z080-2-700:

§ 1l ] -®=—025V-—=—-050V—8—075V

8 (e) 800 °C { €z080-2-750:

20 .1 —a-025v—-a—050V—a—075V
"0 1 10  CZ080-2-800:

——025V—e—050V—e—0.75V

re-annealing at 750 °C. Possible reasons for this
finding will be discussed in Section “Thin-film mor-
phology and origin of cracks”.

Not all data curves extend to the lowest frequency
of 0.1 Hz, since it was not always possible to identify
a peak due to low-frequency noise. Both samples
were damaged either during application of a new
PLD electrode (CZO80-1) or during measurement
(CZO80-2); therefore, the D-LDV measurements
could not be repeated.

Discussion
Crystallographic phases
By depositing the films on [100]-oriented single

crystal substrates with a similar lattice constant, the

@ Springer



1492

largely amorphous as-deposited films are textured
during the annealing process. This is illustrated by
the fact that the XRD spectra exhibit only the (200),
(400), and (220) reflexes, and lack the dominant (111)
reflex [1, 1]. The 8YSZ reflexes of the substrate are
also visible. The (220) reflex at 48° is weaker than the
(200) and (400) reflexes in the present study, while
from the literature it is expected to be stronger than
the other two [42]. The composition of the spectrum
of mainly the (200) and (400) reflexes indicates the
film adopted the preferential (100) texture of the
substrate during annealing and crystallization.

Table 2 Expected displacements DCC%Z of the CeO, sample
calculated from literature data [6, 8, 44—46] and from the sample
parameters with Eq. (11)

T'in °C 800 900

Po, in bar 1.70-10-20 1.62.10718
U in V 1.016 0.996

¢ [5] 0.00186 0.0078

E, in GPa [46] 352 345

s [46] 0.33 0.33

E; in GPa [44] 12 12

vr [44] 033 0.33

Dg“eléz in nm 1388 + 66 5940 + 280

Uncertainties of calculated displacements are computed using
Eq. (30). The equivalent pumping voltage U.g which corresponds
to the respective oxygen activity is calculated from the oxygen
partial pressure using Eq. (7)

J Mater Sci (2023) 58:1481-1504

SP-LDV and D-LDV data

The detection limit of the measurement, taken as the
root mean square of the 20 frequency bins above and
20 frequency bins below the excitation frequency in
the Fourier transform of the time signal (i.e., the
effective noise level around the excitation frequency),
ranges from 0.07 nm at 10 Hz and 600 °C to 9.7 nm at
0.1 Hz at 950 °C for the SP-LDV and from 0.2 nm at
10 Hz to 9 nm at 0.001 Hz and 800 °C for the D-LDV,
demonstrating the ability to detect small displace-
ments at lower frequencies with the novel differential
approach than previously possible.

The SP-LDV measurements on the CeO, sample
shown in Figs. 7a and 9 show a deviation from the
measurements taken with the D-LDV at frequencies
below 1 Hz. The latter are considered to be correct.
The deviation of the SP-LDV values is attributed to
non-application compliant use of the device, as
explained in Appendix “Discussion of the second
plateau in D-LDV data”.

Comparison with calculated displacements
and literature data

For some combinations of temperature and oxygen
partial pressure, there are in-situ HT-XRD and
dilatometry data available [1, 8] showing the
isothermal chemical expansion upon partial reduc-
tion. From these data, the expected displacements
were calculated for the different samples and are
listed in Tables 2 and 3. Lacking the Young’s modu-
lus and Poisson’s ratio of CZO80 and of CeO, at
higher temperatures, those for undoped ceria at

Table 3 Expected displacements D' of the CZO80 samples calculated from literature data [5, 6, 44, 46] and the sample parameters with

Eq. (11)
T in °C 800

P, in bar [5] 3.46-10718 9.70-10~1°
U in V 0.810 0.763

& [5] 0.00130 0.00139
E, in GPa [46] 352

vs [46] 0.33

E; in GPa [44] 112

vi [44] 0.33

Dl o1 in nm 310 £ 16 338 + 24
Dge o 5 in nm 313 £ 18 341 £ 20

Uncertainties of calculated values are calculated from uncertainties of sample parameters with Eq. (30). The equivalent voltage U.¢ which
corresponds to the respective oxygen activity is calculated from the oxygen partial pressure using Eq. (7)
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600 °C were used instead [44]. Because the films
studied here are much thicker than those in [13-15]
and no analogous data were available for the mate-
rials used in this work, literature data from bulk
samples are used here for comparison and calculation
of expectation values.

CL’OZ

The calculated values of the displacement for CeO, at
T=800°C and T =900°C are obtained using
Eq. (11), the parameters in Table 1, and the materials
data from [6, 8, 44—46]. The uncertainty is calculated
with Eq. (30). The results are listed in Table 2. The
Poisson ratio of 0.33 and elastic constant Young's
modulus of 11 mol-per cent yttria-stabilized zirconia
(11YSZ) were taken from [46], with the Young's
modulus approximated as Ci;; and extrapolated to
800 °C and 900 °C. Values of Ej;yggp-c = 352 GPa
and of Ejjygzg00.c = 345 GPa were found, agreeing
with the value of 330 GPa in 8YSZ at 800 °C derived
from MD simulations [47] and used in [11].

For the Young’s modulus and Poisson ratio of
ceria, the values at 600 °C from [44] were used,
lacking data at higher temperatures and under partial
reduction. The calculated displacements are not
reached. However, it shall be noted that these cal-
culations are valid for dense, crack-free and
homogenous, i.e., virtually undisturbed films only.
Real samples like used in industry and characterized
in this work may exhibit grains, clusters or cracks as
presented in Section “Morphology of thin films”. At
T =800 °C, the experimentally detected displace-
ment of Dg&y 500 ¢ = 218 nm taken with the D-LDV
falls short of the calculated
D%, s00-c = (1388 + 66) nm by a factor of 6.4.

The general trend is as expected. There is a clear
dependence of the displacement from temperature,
pumping voltage, and pumping frequency. The
measured displacements approach a plateau toward
lower excitation frequencies and increase with
increasing temperature and pumping voltage. How-
ever, the course of the measured displacements is
reduced overall compared to the calculated values for
undisturbed films. Physical effects potentially lead-
ing to this deviation are discussed below in Sec-
tion “Thin-film morphology and origin of cracks”.

The measured displacement of D = 48.4 nm shown
in Fig. 7 corresponds to an expansion of & = 0.006%

value
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according to the model described above (Eq. 11).
Under the conditions of the experiment (T = 900 °C,
Upump = 1.0 V, corresponding to an oxygen activity
of 1.37 - 10~'8 bar), [8] reports an expansion of 0.78%
in undoped ceria.

CZ080

Expected values for CZO80 of the displacements
calculated from literature data [5, 6, 44-46] and the
thicknesses of the substrates and films listed in
Table 1 with Eq. (11) are listed in Table 3. As elastic
parameters for partially reduced CZO80 at elevated
temperatures are lacking, those for CeO, at 600 °C
were used instead [44]. The Poisson’s ratio of 0.33
and the Young’s modulus were again taken from [46],
with the value at 800 °C extrapolated from the data.
The uncertainties are calculated as a total error dif-
ferential using the uncertainties of the thicknesses of
the substrates and thin films, and that of the sample
radius according to Eq. (30). It can again be seen that
the measured displacements do not reach the calcu-
lated values, which range from 309 nm at 700 °C to
341 nm at 800 °C. As the CZO80 samples were only
investigated with the SP-LDV and are far from
reaching equilibrium, the calculated and measured
displacements will not be extensively discussed.

The measured displacements taken from sample
CZ080-2 at 700 °C were found to be diminished by
18-42% after re-annealing at 750 °C. Possible reasons
for this finding are discussed in 5.4 and 5.5, together
with the discrepancies between the model and the
experimental data.

Comparison of CeO, and CZO80

CZO80 builds up a greater oxygen non-stoichiometry
¢ than pure ceria in the range of temperatures and
oxygen partial pressures considered in this work. At
800 °C, the non-stoichiometry in CZO80 exceeds that
in ceria in the oxygen partial pressure range of
Po, > 5107 bar [21],  corresponding  to
Upump <1.1 V. In this range, CZO80 has a smaller
chemical expansion coefficient «. than undoped ceria
[5, 71. Only in the range of large non-stoichiometries
of about ¢ ~ 0.2 does a. approach the value found in
pure CeO, [5], which is not achieved within the
conditions used in this work. The greater non-stoi-
chiometry in CZO80 outweighs the smaller
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Figure 9 The normalized displacements taken at the centers of
the two CZO80 samples and the CeO, sample T = 800 °C with
pumping voltages of Upymp =0.75V and Uyymp =1V and
pumping frequencies ranging from f = 0.1 Hz to f = 10 Hz (SP-
LDV) and f = 0.001 Hz to f = 10 Hz (D-LDV).

expansion coefficient [5], leading to the expectation
that CZOB80 exhibits larger chemical expansion ¢ than
ceria under the conditions to which the CZO80 thin
films are exposed in this work. This arises from the
fact that the added zirconia promotes the reduction
by lowering the formation enthalpy for oxygen
vacancies due to energetically preferring sevenfold
coordination over eightfold [21]. As a consequence, a
higher oxygen non-stoichiometry compared to pure
ceria occurs under the same conditions, which over-
compensates the smaller chemical expansion coeffi-
cient [5].

The change in film thickness Af; in the ceria sample
with a pumping voltage of Upump = 1 V corresponds
to an oxygen activity of 1.7-1072° at T = 800 °C. It
causes a chemical expansion in the bulk material of
¢ =0.00186 [8]. This results in a change in film
thickness of Aty = 12.8 nm (see Eq. (24) in Appendix
“Derivation of the biaxial modulus and biaxial
strain”), which is considerably lower than the detec-
ted displacement of 218 nm measured with the
D-LDV under these conditions. It is apparent from
this ratio that the dominant contribution to the dis-
placement is the substrate bending. This corresponds
to data from prior research on praseodymia ceria
solid solution thin films that were acquired with the
SP-LDV setup [11]. There, ratios between substrate
bending and film thickness change of up to 60 are
found, mainly depending on the ratio of film to
substrate thickness.

Considering Eq. (11) and given that the substrate
bending D is large compared to the change in film
thickness Af;, one can normalize the displacement
with respect to substrate and film thicknesses for
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better comparability. The normalized displacements
correspond to a sample with a film thickness of
t; =1 pum and a substrate thickness of t; = 300 um:

2
tf t
Dnorm =D- L. < S> (12)

fe \E

In Fig. 9, normalized displacements of undoped
ceria are compared to those of CZO80 at 800 °C. It
can be seen that the CZO80 samples exhibit much
larger normalized displacements at Upump = 0.75 V
and high excitation frequencies of 1 Hz and above
than the ceria sample does even at Upymp =1V
(which is equivalent to a lower oxygen activity and
hence higher non-stoichiometry in the thin film) at
the same pumping frequencies. This is attributed to
larger expansion due to greatly enhanced reducibility
of the solid solution stemming from the addition of
zirconia, as proposed by [21]. The trend of the dis-
placement toward lower frequencies is the same for
both materials in that the curve flattens and seems to
become a plateau. The pumping frequency depen-
dence of the displacement of the CZO80 sample is
stronger compared to the CeO, sample, which exhi-
bits a relatively flat curve of displacement over fre-
quency in the high-frequency region above 1 Hz. This
suggests that in CZO80 a higher ionic mobility is
found and that it is easier for an oxygen vacancy to
migrate through the material than in undoped ceria.
This can be explained by the greater ionic conduc-
tivity in CZO80 compared to ceria [22, 23].

Thin-film morphology and origin of cracks

Cracks can partially accommodate the chemical
expansion of the films, and thus their formation and
temperature dependence of width must be discussed.
Cracks are clearly visible in SEM images of the
annealed oxide thin films. For comparison with the
experimental values, the width of the cracks and
distance between them are calculated from the dis-
tance, from the mismatch in thermal coefficients of
coefficients (TCEs) of the substrate and film materi-
als, and the temperature difference between room
temperature and the respective annealing tempera-
tures. It is found that the observed cracks in the
CZO80 thin film agree roughly with the expected
values, but leave room for other explanations, and the
cracks in the CeO, thin film cannot stem purely from
the mismatch in TCEs.
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The TCEs of CeO, and 8YSZ used here are o5°? =
1268-10° K™ for CeO, [6] and orgysz =
102-10°° K™ ! for 8YSZ [6], with a difference of
Aar ~2.5-107° K™'. The cracks in Fig. 5a have a
mean distance of d<% = (8 + 2) um, taken as the

crack
mean value of the width and length of 23 film seg-

CCOZ

ments. On a segment of the size d__ 2,

a temperature
drop of AT =1000 K would cause a mismatch in
absolute thermal contraction between the thin film

and the substrate of

ALYSZ—CCOZ = AOCT -AT - dceOZ = (20 + 6) nm (13)

crack —

This does not agree with the cracks shown in
Fig. 5b having a mean width of

w9 = (53 + 12) nm, taken at 11 positions.

The TCE of CZO80 is or,czoso = 11.96-107 K™
[5], with a mismatch of Aoy ~1.8-10° K™ ! with
respect to 8YSZ. The cracks in Fig. 5¢ have a mean
distance of d$29%0= (42 4 18) ym, taken on two
diagonal lines across the image, with a total of fifteen
cracks. On a segment of the size dS29%, a temperature
drop of AT =700 °C would cause a mismatch in
absolute thermal contraction between the thin film

and the substrate of

ALysz_cz080 = Aog - AT -dS29%0 = (52 £22) nm  (14)

This agrees within the statistic error margin with
the cracks shown in Fig. 5b having a mean width of
Werack = (61 £ 18) nm, taken at 8 positions.

Another mechanism leading to cracks in the thin
films is the contraction of the film due to a phase
transformation during annealing. The as-deposited
films are largely amorphous [48, 49] and exhibit an
oxygen deficiency [48] because oxygen is more vola-
tile than cerium and zirconium and, therefore,
pumped out of the deposition chamber with greater
ease than the metal ions. During crystallization, the
amorphous material of the film contracts [49, 50], due
to the crystallization itself and due to the elimination
of the oxygen deficit and the corresponding, negative
chemical expansion. Ceria films grown on different
substrates have been investigated regarding their
lattice parameters [49, 51] showing contraction dur-
ing the crystallization process. Ceria films deposited
by spray pyrolysis were reported to contract by as
much as 5% during annealing at 800 °C [49], which
by far exceeds the ratio of crack width to crack
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distance. This ratio w:d for the samples investigated
in this work is 0.0066% (CeO,) and 0.0015% (CZ0O80).

Heating to higher temperatures than the annealing
temperature might cause the cracks to close further
and the edges of the film segments might ultimately
be pressed against each other, creating lateral stress
in the thin film. This stress would cause the sample to
bend, which would then be the reference state from
which the sample is bent by the stress caused by
chemical expansion during electrochemical pumping,
and the bending due to chemical expansion remains
unaffected.

On the other hand, heating to temperatures above
the annealing temperature could be considered
equivalent to re-annealing at higher temperatures.
This would cause the cracks to widen by two mech-
anisms: Firstly, re-annealing and subsequent cooling
to lower temperatures might result in wider cracks
caused by the mentioned mismatch in TCEs. Sec-
ondly, it might lead to further crystallization, i.e.,
growth of crystallites, leading to further contraction
of the film, as reported in [49].

This would result in lower substrate bending and
therefore displacement after re-annealing, which
could explain the diminished displacements taken
from sample CZO80-2 after re-annealing the sample
at 750 °C and 800 °C.

In summary, the cracks are therefore assumed to
close partially due to the difference in TCEs during
heating to the temperatures at which the LDV
experiments are performed, and close further due to
chemical expansion in the thin film.

Comparison of the model and experimental
data

The fact that the measured displacements do not
reach the calculated values can be attributed to a
variety of factors. Among them are the cracks in the
thin films shown in Fig. 5 and their influence as
discussed in Section “Thin-film morphology and
origin of cracks”. Other, but potentially minor effects,
include overpotentials during pumping at the elec-
trode-film and substrate—electrode interfaces, oxygen
leakage through the Pty 9Rhg; PLD electrode covering
the thin film, and the possibility that the defect
chemical equilibrium is not reached even at the
lowest pumping frequencies.

The possibility that the PLD electrodes are not gas-
tight and oxygen was supplied by the surrounding
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air cannot be ruled out. This would lead to a reduced
effective pumping voltage. This possibility is further
discussed in Appendix “Oxygen leakage through the
PtRh electrode”.

In the case that equilibrium is simply not reached
even after 1000 s, corresponding to the lowest
pumping frequency of 0.001 Hz, the displacement
would not reach a steady plateau, as it clearly does in
Figs. 9 and 7a) Significantly higher equilibration
times reported previously for the conductivity of a
CZO thin film prepared from the same target as in
this work can be explained by the absence of a three-
phase boundary as described in [52-54], which is
then the factor limiting the exchange of oxygen
through the gas/thin film interface.

Contribution of the substrate to the bending
of the sample

Considering the findings of [10], the displacement
from the YSZ substrate alone needs not be taken into
account to a small overall contribution only. There,
samples with different film thicknesses were pre-
pared, and the displacement correlated with the film
thickness. An extrapolation to t; = 0 nm showed that
the displacement contribution of the substrate was
+ 1 nm, and substrate bending due to an anisotrop-
ically expanding substrate was disregarded.

In [55], the ionic conductivity of 8YSZ is found to
be independent of the oxygen partial pressure in a
large range. This means that in the studied po, range,
the concentration of oxygen vacancies must also be
virtually constant. Instead of taking up and storing
additional oxygen, the highly conductive substrate
acts releases surplus oxygen at the three-phase
boundary consisting of the substrate, the screen-
printed backside electrode, and the surrounding air.
With a constant oxygen vacancy concentration, the
lattice parameter can also be regarded as constant,
meaning that the chemical expansion in the substrate
is negligible.

Conclusions

The displacements of the samples, which are domi-
nated by the deflection Dy, are determined and can be
described as spherical in good approximation
(Fig. 7), as was predicted by the model. Slight devi-
ations from the spherical shape are assumed to be
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caused by the edge of the sample neither being cov-
ered by the thin film nor the electrode. It has been
shown that the application of SP-LDV is an adequate
tool to determine the displacement of the sample at
high temperatures at a nanometer scale in the fre-
quency range above 1 Hz. Due to the higher noise
level in the low-frequency range of the SP-LDV, small
vibrations in the nanometer range below 1 Hz cannot
be detected. At lower frequencies, another experi-
mental approach is required. As a consequence, the
authors have developed a new differential LDV (D-
LDV), allowing for measurements at very low fre-
quencies by eliminating atmospheric perturbations
and the influence of thermal expansion of the sample
holder due to temperature instability. This novel
system is demonstrated to be able to measure for the
first time displacements at 1 mHz, where the excita-
tion frequency is low enough for the displacement to
become quasi-static.

The larger normalized displacements in the CZO80
samples than in the ceria sample can be explained by
two main factors. Firstly, the fact that the higher non-
stoichiometry in CZO80 [21, 22] overwhelms the
lower chemical expansion coefficient in CZO80 with
regard to ceria [5, 7]. Secondly, the lower ratio of
crack width to crack distance in CZO80 leads to a
smaller expansion being consumed by the closing of
the cracks before the sample is bent by lateral stress
in the thin film.

Furthermore, in the case of CZO80, the displace-
ments did not reach the expected values by a factor of
approx. 24—44 at 700 °C and 22-32 at 800 °C. In the
case of ceria, this factor was even 92 at T = 800 °C
and 159 at T =900 °C with the SP-LDV and 6.4 at
T = 800 °C with the D-LDV. The potential reasons for
this behavior are partially discussed above and
include cracks in the films, contact potentials leading
to the build-up of space charges in the sample, and
the lack of reliable data for modeling. These include
mechanical properties of the used materials at high
temperatures and under partial reduction.

It was found that the displacements exhibited by
sample CZO80-2 were significantly smaller after re-
annealing it at higher temperatures. The original
annealing temperature was 700 °C, and displace-
ments were diminished by around a factor of 2 after
re-annealing it at 750 °C for another 10 h.

Thinking of potential applications, dense and
compact films are required for ceria-based thin films
as actuator materials. Undoped ceria will only be
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relevant for actuator purposes if the oxygen activity
can be set below ap, approx. 10-%. To realize actua-
tors with higher controllability and lower energy
consumption, ceria zirconia or ceria praseodymia
solid solutions are to be favored.

In applications using ceria and its solid solutions
as, e.g., solid electrolytes, mechanical stress and/or
displacements due to chemical expansion are unde-
sirable. It could be shown that cracks prevent the
film-substrate sandwich from displacement effec-
tively. Consequently, a preparation route resulting in
defined crack width and density could eliminate
these application relevant problems. Here, the dif-
ferent TCEs between substrate and film have to be
considered closely. If the film has an insulating
function, additional challenges may arise, as top and
bottom electrode might be short-circuited by these
cracks.

Measurements on further CZO systems are in
progress, with the aim of determining the displace-
ment of samples with other Ce/Zr ratios. In addition,
the influence of the substrate thickness will be
investigated by conducting similar experiments on
samples with identical, co-deposited films, but dif-
ferently thick substrates.
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Appendix
Evaluation of LDV data

The evaluation of LDV data requires several steps,
depending on the time dependence of the displace-
ment, e.g., the presence of plateaus or other anhar-
monic contributions.

An LDV time signal is shown in Fig. 10a. It is
apparent that the displacement cannot be discerned
from the time signal, making further data processing
steps necessary. The according Fourier transform of
the displacement signal shown in Fig. 10b exhibits a
delta-shaped peak at the pumping frequency, with
the height of the peak proportional to the mean value
of the displacement over the duration of the mea-
surement. The displacement D is calculated from the
height of the peak Urpy via the relation

D =T'rpv - Upv (15)

with I' py being the decoder range of the LDV con-
troller in m V™. In the case of the SP-LDV, it is
Isp_Lpv = 100 M4,
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In Fig. 10b, a second peak at the double excitation
frequency can be seen. This is due to the fact that the
displacement signal is not perfectly sinusoidal. Due
to its small size relative to the first peak at 1 Hz,
anharmonic effects can be disregarded and the dis-
placement is given by the first peak at the excitation
frequency.

In the case of very low-frequency measurements
with the D-LDV, additional steps are taken to filter
the signal. The time signal is filtered with a sixth-
order digital Butterworth bandpass filter [56] before
the Fourier transform, and the height of the delta-
shaped peak at the excitation frequency is extracted
from the spectrum. The displacement is calculated
from the height of the peak analogous to the SP-LDV,
with the difference that the factor of proportionality
between the height of the peak and the displacement
is increased by the wavelength ratio of the two sensor
heads Ap.ipv/Aspipv to account for the different
laser wavelengths: I'sp_ipy = 244 T4,

Sample holders

The samples were placed inside an ultrasound-milled
alumina sample holder with a flat, circular depres-
sion to accommodate the sample with a tolerance of
100 pm. The samples were clamped around the
outermost edge only, as laid out in [6]. To ensure that
the back side of sample does not stick to the sample
holder, no glues or bonds were used. This method
ensures that the sample holder has negligible influ-
ence on the bending of the sample, and the sample
can bend freely so that it is not constrained in its
upward bending.

@ Springer

Derivation of the biaxial modulus
and biaxial strain

Under the condition that the relevant properties
(Young’s modulus E, Poisson’s ratio v, chemical
expansion coefficient oc, and thermal expansion
coefficient ar) of the film and substrate are isotropic,
the lateral stress in the expanding film laterally con-
strained by a significantly thicker substrate will be

uniform. This stress can be expressed as:
Ofx = 8f,fo + VOt y
Ofy = 8f,yE + Vot (16)

Ofz = 0

Herein, the subscript f denotes the film, since only
stress in the film is regarded. With o7, = o, = or and
erx = ey = & it follows:

E¢
1-— V¢

(17)

of = &f

Ef/(l — ) is also known as the biaxial modulus of
the film [57].

Enhanced vertical expansion
in a constrained film

Considering a cubicle of the size £} in the constrained
film and applying chemical expansion, the expansion
perpendicular to the film plane is enhanced by con-
straining the lateral expansion. This will be calculated
in three steps for expansion in the three spatial
directions z, x, and y (in this order).

1. Expansion in z direction: First, we consider the
vertical expansion (in z-direction), which is not con-
strained. The expanded film thickness t'f after (un-
constrained) expansion in z direction reads:
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te=(1+ &)t (18)

2. Constrained expansion in x direction: This
expanded film thickness is now subjected to further
expansion due to lateral strain as a consequence of
the constrained lateral expansion. In a uniaxially
constrained, expanding material, the proportionality
factor between the strain and the expansion perpen-
dicular to the constraint is the Poisson’s ratio v of the
respective material. As explained in 7.1, constraining
the expansion of a film in x and y directions leads to

an enhancement of lateral stress by a factor 1/(1 — )

compared to a uniaxially constrained sample.
Applying this factor to the vertical expansion due to
lateral constraint in x direction the proportionality
between the lateral stress and perpendicular expan-
sion is /(1 _ ), and we obtain the expanded film

thickness t; after expansion in z and x directions:

" vf ’
3. Constrained expansion in y direction: The ver-
tical expansion due to lateral constraint in y direction
is analogous to that in x-direction. The expanded film
thickness #; after expansion in all three directions
reads:

" Ve "

fp = (1 + 1—Vf8f> te (20)

Inserting Egs. (18)~(20) into one another, we
obtain:

2
m Vf
tf = (1 _— & + 1) (Sf + 1)tf

2
— t'f” —t= <(1 zfvfgf+l) (es+1) — 1>tf
(21)

which, after eliminating all terms quadratic and
cubic in g (since & <« 1), leads to the vertical
expansion in a laterally constrained film:

" 1
Aty = tf —ty = Sftf( i W) (22)
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Derivation of the deflection D,

Here, the expected deflection Dy will be calculated
from the sample parameters and the bulk chemical
expansion. As mentioned in 1.2, a small-angle
approach is employed. For the sample and deflection
depicted in Fig. 2, the deflection can be expressed as:

Dy = R(1 — cos ¢)

~ R(l - (1 —%(pz)> (for small @) (23)

1
= _R¢?
v=5Re
with R being the radius describing the spherical
bending, and ¢ the bending angle. The sample radius
r and the bending radius R are related via:

r = Rsin ¢ = Ro (for small ¢) (24)

Inserting the two equations above into one another
yields:

72

Dp = — 25
0=z (25)

The Stoney equation relates stress in thin films to
the curvature of significantly thicker substrates

[35, 36]:
E,t?

61—k’ 20

O'ftf =
wherein ¢¢ denotes lateral stress in the film, t;/ the
thicknesses of the film and substrate, Es the Young's
modulus of the substrate, and v, the Poisson’s ratio of
the substrate. Solving the Stoney Equation for stress
and equating it with the expression for the stress
derived in 7.2 (Eq. 19), one obtains:

1 Et?

JEr -
T T 6h(1— )R

(27)

:iEstf(l ) (28)
6Sf Efff(l — VS)

Inserting this expression for the bending radius R
into the sample bending (Eq. 27), one can now cal-
culate the sample bending from the sample parame-
ters and the expansion e:

Eftf(l — VS)

Dy = 3err? ———%
0= T E 21— vy

(29)
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Calculation of the uncertainty
of the calculated displacement

The uncertainty of the calculated displacement fol-
lows from Gaussian error propagation using the
uncertainties of the substrate and film thicknesses
A(ts) and A(t) listed in Table 1 and the uncertainty of
the substrate radius A(r) = 0.1 mm:

ODcqc ? (D ? (D 2
A(Deate) = —EA A A(t Z—aale A
(D) \/ (FFam) + (T au ) +(%otaw
A E¢ 2 o Ee [ 14w 2 , Er 2
= 3af\/(2trr§t§ A(r)) +(<r ?thr T A(te) | +|( 2t ED Alty)

(30)

for a confidence level of 68,3%.

Calculation of the effective pumping voltage

With the deflections only barely reaching saturation
(if at all), it is assumed that the majority of the sub-
strate does not change its composition during voltage
cycling, and with the back side of the substrate being
exposed to air, the temperature-dependent total
conductivity of single-crystal 8YSZ in air [58] is used.
For the CeO, and CZO80 films, the temperature- and
Po,~dependent conductivities are taken from [19],

where the same PLD targets and PLD setup were

used as in this work, and interpolated to the pg'

corresponding to the nominal voltage. A voltage
divider with two ohmic resistances is modeled, and
the corrected, effective pumping voltage U, defined
as the electrochemical potential at the substrate—film
interface reads:

t

Uesr = Upump t_aj g (31)

Os of

wherein o, and o; denote the conductivities of the
substrate and film, and f, and ¢; the thicknesses of the
substrate and film. The corrected effective oxygen

partial pressure pf)fzf is calculated from the tempera-

ture and effective pumping voltage by Eq. (7)
(Fig. 11, Tables 4 and 5).

It is apparent that for high temperatures and
pumping voltages, the difference between the nomi-
nal and corrected effective oxygen partial pressures is
negligible compared to the errors from noise and
inaccuracies of the applied voltages. As a conse-
quence, only the nominal pumping voltage and
temperature will be used to signify the experimental
parameters.
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Figure 11 The p,,-dependent conductivities of ceria and CZO80
at different temperatures, original data from [22]. These data were
acquired from thin films which were prepared using the same PLD
system and targets as for this work.

Space-charge layers and overpotentials

The presence of different materials with different
work functions in the sample leads to the build-up of
space charge zones in the vicinity of the interfaces
between the materials due to contact potentials. The
work function of Pt is around 5.3 eV [59] to 5.65 eV
[60], that of a (100) oriented ceria film around
4-4.4 eV [61]. This leads to the ceria film acquiring a
positive potential relative to the Pt, which must be
overcome. Based on these properties, the following
hypothesis could explain the short plateau region of
the displacement of the ceria sample seen in Figs. 7a
and 9 in the frequency region between 2 and 0.5 Hz.
It may be due to the applied pumping potential being
countered by these space charges. Only after these
space charges have been depleted by the pumping
current, the displacement grows again. However, [53]
reports that contact potentials do not affect the
chemical capacitance and non-stoichiometry in pra-
seodymia-ceria, and contact potentials are therefore
disregarded.

Oxygen leakage through the PtRh electrode

Since the diffusion of oxygen through solids is tem-
perature-activated and the diffusion coefficient has a
finite value, this possibility must be considered. In
the case of an oxygen supply from the ambient air
through the PtRh electrode into the ceria/CZO80 thin
film, the oxygen activity in the thin film would never
reach the values calculated from Egs. (7) and (11).
However, the diffusion coefficients of oxygen in
ceria [62, 63] at 800 °C and 8YSZ [64] are significantly
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Table 4 Correction of the applied voltages for the CeO, sample

T in °C Upump inV Po, in bar ogysz in Sm™! [58] 0ce0, I Sm™! [23] U inV p%fzf in bar
800 0.25 4.22E—6 2.54 0.395 0.235 8.15E—6
800 0.5 8.48E—11 2.54 1.44 0.491 1.24E—-10
800 0.75 1.71E—15 2.54 6.31 0.747 1.95E—15
800 1.0 3.44E—20 2.54 44.51 0.999 3.52E-20
900 0.25 1.06E—5 3.93 1.01 0.241 1.54E-5
900 0.5 5.36E—10 3.93 5.08 0.496 6.25E—10
900 0.75 2.71E—14 3.93 23.42 0.749 2.85E—14
900 1.0 1.37E—18 3.93 133.28 0.9997 1.39E—18

Since ceria becomes very conductive at low oxygen partial pressures and high temperatures, no data for conductivities of thin films are

available at temperatures higher than 900 °C

Table 5 Correction of the applied voltages for the Ceg gZry,0, samples

Tin°C Uy, nV pg, inbar asysz in Sm™' [58] @czos in Sm™! [23] Uy, in V P%fsz inbar Uy, inV pgfzfQ in bar
600 0.25 3.54E-7 0.262 0.206 0.249 3.75E-7 0.24895 3.74E-7
600 0.5 5.99E—13 0.262 0.286 0.498 6.49E—13 0.498 6.49E—13
600 0.75 1.01E—18 0.262 19.1 0.74997 1.01E—18 0.74997 1.01E—18
700 0.25 1.39E—6 0.922 0.639 0.249 1.47E—6 0.24881 1.47E—6
700 0.5 9.19E—12 0.922 435 0.4997 9.35E—12 0.49965 9.35E—12
700 0.75 6.09E—17 0.922 26.2 0.7499 6.12E—17 0.74991 6.12E—17
800 0.25 422E—-6  2.54 2.56 0.249 437E—6 0.24918 4.37E—6
800 0.5 8.48E—11 2.54 17.5 0.4998 8.57TE—11 0.49976 8.57E—11
800 0.75 1.71E—15 2.54 49.8 0.7499 1.72E—15 0.74987 1.72E—15

The subscripts 1 and 2 denote the samples CZO80-1 and CZ0O80-2

higher than in platinum [65] at 1450 °C, meaning
oxygen transport from the PtRh—ceria/CZO80 inter-
face through the thin film and into the substrate is
faster than oxygen leak through the electrode. The
rate of oxygen leakage through platinum reported in
[65] at 1450 °C is 35 &=
25.4 um thickness. Scaled to the dimensions of the
PtRh electrode on the CeO, sample (9 mm diameter
and 333 nm thickness), this equals to an oxygen flux
of 54 ng per 1000 s, meaning that even at 1450 °C,
only 0.04% of the total oxygen content in the ceria
thin film can be re-supplied from the air through the
electrode over the duration of one period at the
lowest pumping frequency applied to the samples in
this work. At the temperatures applied to the samples
in this work, this already small portion is reduced
further. Oxygen leakage through the PLD electrode
can therefore be disregarded as a reason for the dis-
placements not reaching the calculated values.

through a Pt membrane of

Discussion of the second plateau in D-LDV
data

The displacements of the ceria sample shown in
Figs. 7a and 9 show a deviation between the data
acquired with the two LDVs. The displacements
taken with the SP-LDV plateau below 1 Hz, while
those taken with the D-LDV show a short plateau
between 1 and 0.5 Hz, and then beg to rise again with
decreasing excitation frequency. The deviation
between the data from both LDVs is observed above
the lowest excitation frequency applied in the SP-
LDV setup, leading to the question which system
detects the displacement correctly and why the other
one is faulty in the frequency region where the
deviation occurs.

The experiments were conducted on the same
sample. They were repeated with both LDVs with the
same sample holder without re-contacting the
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sample, and with the same waveform generator and
power amplifier. Sampling the displacement from the
SP-LDV with both PCI oscilloscope cards simultane-
ously and processing the acquired data on both
computers yielded no difference in the detected dis-
placement. Identical measurements with both LDV
controllers and the SP-LDV yielded the same dis-
placement as well, leaving the vibrometer sensor
heads as the only possible reason for the discrepancy
between the displacements detected with both LDVs.
As the SP-LDV was built for high-frequency appli-
cations up to the MHz range and not intended to be
used in the mHz range, the D-LDV, which was built
specifically for low-frequency measurements, is con-
sidered more reliable at low frequencies below 1 Hz.
The rise of the displacement at low frequencies
toward a second plateau in the mHz range as detec-
ted with the D-LDV is therefore considered real.

References

[1] Bishop S, Marrocchelli D, Chatzichristodoulou C, Perry N,
Mogensen M, Tuller H, Wachsman E (2014) Chemical
expansion: implications for electrochemical energy storage
and conversion devices. Annu Rev Mater Res 44:205-239. h
ttps://doi.org/10.1146/annurev-matsci-070813-113329

[2] Atkinson A (2011) Chapter 2 - Solid oxide fuel cell elec-
trolytes - factors influencing lifetime. In: Brandon NP, Ruiz-
Trejo E, Boldrin P (eds) Solid oxide fuel cell lifetime and
reliability. Academic Press, pp 19-35. https://doi.org/10.10
02/0470867965

[3] Sugiura M (2003) Oxygen storage materials for automotive
catalysts. Catal Surv Asia 7(1):77-87. https://doi.org/10.10
23/A:1023488709527

[4] Marrocchelli D, Bishop S, Tuller H, Yildiz B (2012)
Understanding chemical expansion in non-stoichiometric
oxides: ceria and zirconia case studies. Adv Funct Mater
22:1958-1965. https://doi.org/10.1002/adfm.201102648

[5] Bishop S, Tuller H (2014) Chemically-induced expansion of
Z19,Ce 50, _s. Solid State lonics 261:1-4. https://doi.org/
10.1016/j.551.2014.03.026

[6] Bishop S, Duncan K, Wachsman E (2006) Thermo-chemical
expansion of SOFC materials. ECS Trans 1(7):13-21. http
s://doi.org/10.1149/1.2215539

[7]1 Bishop S, Marrocchelli D, Fang W, Amezawa K, Yashiro K,
Watson G (2013) Reducing the chemical expansion coeffi-
cient in ceria by addition of zirconia. Energy Environ Sci
6:1142-1146. https://doi.org/10.1039/C3EE23917A

@ Springer

(8]

]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

J Mater Sci (2023) 58:1481-1504

Chiang H, Blumenthal R, Foumelle R (1993) A high tem-
perature lattice parameter and dilatometer study of the defect
structure of nonstoichiometric cerium dioxide. Solid State
Ionics 66(1-2):85-95. https://doi.org/10.1016/0167-2738(9
3)90031-W

Schmidtchen S, Fritze H, Bishop S, Chen D, Tuller H (2018)
Chemical expansion of praseodymium-cerium oxide films at
high temperatures by laser doppler vibrometry. Solid State
Ionics 319:61-67. https://doi.org/10.1016/.ss1.2018.01.033
Swallow J, Kim JMJ, Chen D, Smith J, Bishop S, Tuller H,
Van Vliet K (2017) Dynamic chemical expansion of thin-
film non-stoichiometric oxides at extreme temperatures. Nat
Mater 16:749-754. https://doi.org/10.1038/nmat4898
Waulfmeier H, Kohlmann D, Defferriere T, Steiner C, Moos
R, Tuller H, Fritze H (2022) Thin-film chemical expansion of
ceria based solid solutions: laser vibrometry study. Z Phys
Chem 236(6-8):1013—1053. https://doi.org/10.1515/zpch-2
021-3125

Moulson AJ, Herbert JM (eds) (2003) Chapter 6 - Piezo-
electric ceramics. In: Electroceramics—materials, properties,
applications, 2nd edn. John Wiley & Sons, pp 339—409. h
ttps://doi.org/10.1002/0470867965.ch6

Kim J, Bishop S, Thompson N, Chen D, Tuller H (2014)
Investigation of nonstoichiometry in oxide thin films by
simultaneous in situ optical absorption and chemical
capacitance measurements: Pr-doped ceria, a case study.
Chem Mater 26(23):1374-1379. https://doi.org/10.1021/c
m403066p

Chen D, Bishop S, Tuller H (2014) Nonstoichiometry in
oxide thin films operating under anodic conditions: a
chemical capacitance study of the praseodymium-cerium
oxide system. Chem Mater 26(22):6622-6627. https://doi.
org/10.1021/em503440v

Bishop S, Chen D, Sheth J, Misture S, Sheldon B, Kim J,
Tuller H (2014) Impact of size scale on electro-chemo-me-
chanical coupling properties in MIECs: bulk and thin film
(Pr, Ce)oz—s. ECS Transactions 61:31-36. https://doi.org/10.
1149/06101.003 1 ecst

Renner T, Cohen ER, Cvitas T, Frey JG, Holstrom B,
Kuchitsu K, Marquardt R, Mills I, Pavese F, Quack M,
Stohner J, Strauss HL, Takami M, Thor AJ (eds) (2007)
Chapter 2 - Tables of physical quantities. In: Quantities, units
and symbols in physical chemistry, 3rd edn. RSC Publishing,
pp. 11-82. https://doi.org/10.1039/9781847557889

Lehman H, Fuentes-Aredriu X, Bertello LF (1996) Glossary
of terms in quantities and units in clinical chemistry. Pure
Appl Chem 68(4):957-1000. https://doi.org/10.1351/pac
199668040957

Tuller H, Bishop S (2011) Point defects in oxides: tailoring
materials through defect engineering. Ann Rev Mater Res


https://doi.org/10.1146/annurev-matsci-070813-113329
https://doi.org/10.1146/annurev-matsci-070813-113329
https://doi.org/10.1002/0470867965
https://doi.org/10.1002/0470867965
https://doi.org/10.1023/A:1023488709527
https://doi.org/10.1023/A:1023488709527
https://doi.org/10.1002/adfm.201102648
https://doi.org/10.1016/j.ssi.2014.03.026
https://doi.org/10.1016/j.ssi.2014.03.026
https://doi.org/10.1149/1.2215539
https://doi.org/10.1149/1.2215539
https://doi.org/10.1039/C3EE23917A
https://doi.org/10.1016/0167-2738(93)90031-W
https://doi.org/10.1016/0167-2738(93)90031-W
https://doi.org/10.1016/j.ssi.2018.01.033
https://doi.org/10.1038/nmat4898
https://doi.org/10.1515/zpch-2021-3125
https://doi.org/10.1515/zpch-2021-3125
https://doi.org/10.1002/0470867965.ch6
https://doi.org/10.1002/0470867965.ch6
https://doi.org/10.1021/cm403066p
https://doi.org/10.1021/cm403066p
https://doi.org/10.1021/cm503440v
https://doi.org/10.1021/cm503440v
https://doi.org/10.1149/06101.0031ecst
https://doi.org/10.1149/06101.0031ecst
https://doi.org/10.1039/9781847557889
https://doi.org/10.1351/pac199668040957
https://doi.org/10.1351/pac199668040957

] Mater Sci (2023) 58:1481-1504

[19]

[21]

[22]

[23]

[24]

[25]

[26]

41(1):369-398. https://doi.org/10.1146/annurev-matsci-062
910-100442

Kroger FA, Vink HJ (1956) Relations between concentra-
tions of imperfections in crystalline solids. Solid State Phys
3:307—-435. https://doi.org/10.1016/S0081-1947(08)60135-6
Tuller H, Nowick A (1979) Defect structure and electrical
properties of nonstoichiometric CeO, single crystals. J Elec-
trochem Soc 126(2):209-217. https://doi.org/10.1149/1.
2129007

Kuhn M, Bishop S, Rupp JLM (2013) Structural character-
ization and oxygen nonstoichiometry of ceria-zirconia
(Cey_Zr,05_5) solid Acta Mater
61(11):4277-4288. https://doi.org/10.1016/j.actamat.2013.0
4.001

Kogut I, Wollbrink A, Steiner C, Wulfmeier H, El Azzouzi F,
Moos R, Fritze H (2022) Linking the electrical conductivity
and non-stoichiometry of thin film Ce,_,Zr,O,_; by a res-

solutions.

onant nanobalance approach. Materials 14:748-1-748-26. h
ttps://doi.org/10.3390/ma14040748

Kogut I, Steiner C, Wulfmeier H, Wollbrink A, Hagen G,
Moos R, Fritze H (2021) Comparison of the electrical con-
ductivity of bulk and film Ce,_,Zr,O,_, in oxygen-depleted
atmospheres at high temperatures. J Mater Sci
56:17191-17204. https://doi.org/10.1007/s10853-021-0634
8-5

Schmitt R, Nenning A, Kraynis O, Korobko R, Frenkel A,
Lubomirsky I, Haile S, Rupp J (2020) A review of defect
structure and chemistry in ceria and its solid solutions. Chem
Soc Rev 49:554-592. https://doi.org/10.1039/CICS00588A
Shannon R (1976) Revised effective ionic radii and sys-
tematic studies of interatomie distances in halides and cha-
leogenides. Acta Cryst A32:751-767. https://doi.org/10.
1107/S0567739476001551

McBride JR, Hass KC, Poindexter BD, Weber WH (1994)
Raman and X-ray studies of Ce,_,RE,O,_,, where RE =
La, Pr, Nd, Eu, Gd, and Tb. J Appl Phys 75:2435-2441. h
ttps://doi.org/10.1063/1.357593

Hong SJ, Virkar AV (1995) Lattice parameters and densities
of rare-earth oxide doped ceria electrolytes. ] Am Ceram Soc
157:B299-B307. https://doi.org/10.1111/.1151-2916.1995.t
b08820.x

Bishop S, Duncan K, Wachsman E (2009) Defect equilibria
and chemical expansion in non-stoichiometric undoped and
gadolinium-doped  cerium oxide. Electrochim Acta
54(5):1436-1443. https://doi.org/10.1016/j.electacta.2008.0
9.026

Duncan K, Wang Y, Bishop S, Ebrahimi F, Wachsman E
(2007) The role of point defects in the physical properties of
nonstoichiometric ceria. J Appl Phys 101:044906-1-044906-
6. https://doi.org/10.1063/1.2559601

[30]

[31]

(32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

(40]

[41]

1503

Park D, Hadad M, Ignatans R, Spirito D, Esposito V, Gau-
quelin N, Chezganov D, Jannis D, Verbeek J, Gorfman S,
Pryds N, Mural P, Damjanovic D (2022) Induced giant
piezoelectricity  in
375(6581):653-657.
m7497

Mishuk E, Ushakov A, Makagon E, Cohen SR, Wachtel E,
Paul T, Tsur Y, Shur VY, Kholkin A, Lubomirsky I (2019)
Electro-chemomechanical contribution to mechanical actua-
tion in Gd-doped ceria membranes. Adv Mater 6:1801592-
1-1801592-9. https://doi.org/10.1002/admi.201801592

Zhu H, Yang C, Li Q, Ren Y, Neuefeind J, Gu LLH, Fan
LCJ, Deng JWN, Hong J, Xing X (2018) Charge transfer
drives anomalous phase transition in ceria. Nat Commun
9:1-8. https://doi.org/10.1038/s41467-018-07526-x

Kumari N, Anjum U, Haider MA, Basu S (2019) Oxygen
anion diffusion in doped ceria M,Ce;_,O5_¢ 5, (M=Gd, Sm

centrosymmetric  oxides. Science
https://doi.org/10.1126/science.ab

and Pr): a molecular dynamics simulation study. MRS Adv
4:783-792. https://doi.org/10.1557/adv.2019.165

Feiner A, McEvoy A (1994) The Nernst equation. J] Chem
Educ 71(6):493—-494. https://doi.org/10.1021/ed071p493
Janssen GC, Abdalla MM, Van Keulen F, Pujada BR, Van
Venrooy B (2009) Celebrating the 100th anniversary of the
Stoney equation for film stress: developments from poly-
crystalline steel strips to single crystal silicon wafers. Thin
Solid Films 517(6):1858—-1867. https://doi.org/10.1016/j.tsf.
2008.07.014

Stoney GG (1909) The tension of metallic films deposited by
electrolysis. Proc R Soc Lond A 82:172—175. https://doi.org/
10.1098/rspa.1909.0021

Krebs HU et al (2003) Pulsed laser deposition (PLD): a
versatile thin film technique. In: Kramer B (eds) Advances in
solid state physics. Advances in Solid State Physics,
Springer Berlin, Heidelberg, pp 505-517. https://doi.org/10.
1007/978-3-540-44838-9_36

Auerkari P (1996) Mechanical and physical properties of
engineering alumina ceramics. VIT Technical Research
Centre of Finland, Research Notes 1792

Schewe M, Kohlmann D, Wulfmeier H, Fritze H, Rembe C
(2020) Methoden zur Minimierung des Rauscheinflusses
durch Hitzeflimmern bei einem heterodynen Laser-Doppler-
Vibrometer. Tech Mess 87(s1):44-49. https://doi.org/10.151
S/teme-2020-0023

Schewe M, Ismail M, Rembe C (2021) Differentielle Laser-
Doppler-Vibrometrie fiir luftgestiitzte Vibrationsmessungen
mit Drohnen. Tech Mess 88(s1):42—47. https://doi.org/10.1
515/teme-2021-0071

Wang S, Oikawa E, Hashimoto T (2004) Structural analysis
of Ce; M0, ¢.5+_5 (M = Gd, Sm, Y) by high temperature

@ Springer


https://doi.org/10.1146/annurev-matsci-062910-100442
https://doi.org/10.1146/annurev-matsci-062910-100442
https://doi.org/10.1016/S0081-1947(08)60135-6
https://doi.org/10.1149/1.2129007
https://doi.org/10.1149/1.2129007
https://doi.org/10.1016/j.actamat.2013.04.001
https://doi.org/10.1016/j.actamat.2013.04.001
https://doi.org/10.3390/ma14040748
https://doi.org/10.3390/ma14040748
https://doi.org/10.1007/s10853-021-06348-5
https://doi.org/10.1007/s10853-021-06348-5
https://doi.org/10.1039/C9CS00588A
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1063/1.357593
https://doi.org/10.1063/1.357593
https://doi.org/10.1111/j.1151-2916.1995.tb08820.x
https://doi.org/10.1111/j.1151-2916.1995.tb08820.x
https://doi.org/10.1016/j.electacta.2008.09.026
https://doi.org/10.1016/j.electacta.2008.09.026
https://doi.org/10.1063/1.2559601
https://doi.org/10.1126/science.abm7497
https://doi.org/10.1126/science.abm7497
https://doi.org/10.1002/admi.201801592
https://doi.org/10.1038/s41467-018-07526-x
https://doi.org/10.1557/adv.2019.165
https://doi.org/10.1021/ed071p493
https://doi.org/10.1016/j.tsf.2008.07.014
https://doi.org/10.1016/j.tsf.2008.07.014
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1098/rspa.1909.0021
https://doi.org/10.1007/978-3-540-44838-9_36
https://doi.org/10.1007/978-3-540-44838-9_36
https://doi.org/10.1515/teme-2020-0023
https://doi.org/10.1515/teme-2020-0023
https://doi.org/10.1515/teme-2021-0071
https://doi.org/10.1515/teme-2021-0071

1504

[42]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

XRD under various oxygen partial pressures. J Electrochem
Soc 151:E46-E50. https://doi.org/10.1149/200307.0275PV
Gates-Rector S, Blanton T (2019) The powder diffraction
file: a quality materials characterization database. Powder
Diffr 34(4):352-360

Gates-Rector S, Blanton T (2019) The powder diffraction
file: a quality materials characterization database. Powder
Diffr 34(4):352-360

Wachtel E, Lubomirsky I (2011) The elastic modulus of pure
and doped ceria. Scr Mater 65(2):112—117. https://doi.org/
10.1016/j.scriptamat.2010.09.021

Giraud S, Canel J (2008) Young’s modulus of some SOFCs
materials as a function of temperature. J Eur Ceram Soc
28:77-83.  https://doi.org/10.1016/j.jeurceramsoc.2007.05.
009

Kandil H, Greiner J, Smith J (1984) Single-crystal elastic
constants of yttria-stabilized zirconia in the range 20 °C to
700 °C. J Am Ceram Soc 5:341-346. https://doi.org/10.111
1/j.1151-2916.1984.tb19534.x

Zhou J, Zhang J, Zhong Z (2020) Mechanical properties of
yttria-stabilized zirconia: a study by ReaxFF molecular
dynamics simulations. Mech Mater 149:103542-1-103542-
9. https://doi.org/10.1016/j.mechmat.2020.103542

Meunier M, Izquierdo R, Hasnaoui L, Quenneville E, Ivanov
D, Girard F, Morin F, Yelon A, Paleologou M (1998) Pulsed
laser deposition of superionic ceramic thin films: deposition
and applications in electrochemistry. Appl Surf Sci
127-129:466-470. https://doi.org/10.1016/S0169-4332(97)
00674-0

Rupp J, Scherrer B, Harvey A, Gauckler L (2009) Crystal-
lization and grain growth kinetics for precipitation-based
ceramics: a case study on amorphous ceria thin films from
spray pyrolysis. Adv Funct Mater 19:2790-2799. https://doi.
org/10.1002/adfm.200900255

Cui X, Ringer S, Wang G, Stachurski Z (2019) What should
the density of amorphous solids be? J Chem Phys
151:194506-1-194506-11. https://doi.org/10.1063/1.
5113733

Wang R, Zhou Y, Zhang H, Guo X, Xiong X, Lu H, Zhen Z,
Yang G (1998) Structural characteristics of CeO, films
grown on biaxially textured nickel (001). J Appl Phys
84(4):1994-1997. https://doi.org/10.1063/1.368333

Chen M, Xie X, Guo J, Chena D, Xu Q (2020) Space charge
layer effect at the platinum anode/BaZryoY(10;5_s elec-
trolyte interface in proton ceramic fuel cells. J] Mater Chem
A 8(25):12566-12575. https://doi.org/10.1039/
DOTA03339A

Chen D (2014) Characterization and control of non-stoi-
chiometry in Prg;Cep90,_; thin films: correlation with

@ Springer

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

J Mater Sci (2023) 58:1481-1504

SOFC electrode performance. PhD Dissertation, Mas-
sachusetts Institute of Technology

Chen D, Guan Z, Zhang D, Trotochaud L, Crumlin E,
Nemsak S, Bluhm H, Tuller H, Chueh W (2020) Con-
structing a pathway for mixed ion and electron transfer
reactions for O, incorporation in Prg ;Ceyo0O,_,. Nat Catal
3(2):116-124. https://doi.org/10.1038/s41929-019-0401-9
Park J-H, Blumenthal R (1989) Electronic transport in 8
mole  percent  Y,03-Zrg,. J
136(10):2867-2876. https://doi.org/10.1149/1.2096302

Shenoi B (2006) Infinite impulse response filters. In: Shenoi

Electrochem  Soc

B (eds) Introduction to digital signal processing and filter
design, John Wiley & Sons, pp 186-248. https://doi.org/10.
1002/0471656372.ch4

Habermehl S (2018) Coefficient of thermal expansion and
biaxial Young’s modulus in Si-rich silicon nitride thin films.
J Vac Sci Technol A 36(2):021517-1-021517-8. https://doi.
org/10.1116/1.5020432

Ikeda S, Sakurai O, Uematsu K, Mizutani N, Kato M (1985)
Electrical conductivity of yttria-stabilized zirconia single
crystals. J Mater Sci 20:4593-4600. https://doi.org/10.1007/
BF00559349

Trasatti S (1971) Work function, electronegativity, and
electrochemical behaviour of metals: II. Potentials of zero
charge and “electrochemical” work functions. J Electroanal
Chem 33(2):351-378. https://doi.org/10.1016/S0022-0728(
71)80123-7

Michaelson H (1977) The work function of the elements and
its periodicity. J Appl Phys 48:4729-4733. https://doi.org/
10.1063/1.323539

Wardenga H, Klein A (2016) Surface potentials of (111),
(110) and (100) oriented CeO,_, thin films. Appl Suf Sci
377:1-8. https://doi.org/10.1016/j.apsusc.2016.03.091
Ikuma Y, Kamiya M, Shimada E (2003) Nonstoichiometry in
ceria and ceria solid solutions. Key Eng Mater 253:225-242.
https://doi.org/10.4028/www.scientific.net/ KEM.253.225
Stan M, Zhu Y, Jiang H, Butt D (2004) Kinetics of oxygen
removal from ceria. J Appl Phys 95(7):3358-3361. https://d
o0i.org/10.1063/1.1650890

Kilo M, Argirusis C, Borchardt G, Jackson R (2003) Oxygen
diffusion in yttria stabilized zirconia—experimental results
and molecular dynamics calculations. Phys Chem Chem
Phys 5:2219-2224. https://doi.org/10.1039/B300151M
Velho L, Bartlett R (1972) Diffusivity and solubility of
oxygen in platinum and Pt-Ni alloys. Metall Trans 3:65-72.
https://doi.org/10.1007/BF02680586

Publisher's Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.


https://doi.org/10.1149/200307.0275PV
https://doi.org/10.1016/j.scriptamat.2010.09.021
https://doi.org/10.1016/j.scriptamat.2010.09.021
https://doi.org/10.1016/j.jeurceramsoc.2007.05.009
https://doi.org/10.1016/j.jeurceramsoc.2007.05.009
https://doi.org/10.1111/j.1151-2916.1984.tb19534.x
https://doi.org/10.1111/j.1151-2916.1984.tb19534.x
https://doi.org/10.1016/j.mechmat.2020.103542
https://doi.org/10.1016/S0169-4332(97)00674-0
https://doi.org/10.1016/S0169-4332(97)00674-0
https://doi.org/10.1002/adfm.200900255
https://doi.org/10.1002/adfm.200900255
https://doi.org/10.1063/1.5113733
https://doi.org/10.1063/1.5113733
https://doi.org/10.1063/1.368333
https://doi.org/10.1039/D0TA03339A
https://doi.org/10.1039/D0TA03339A
https://doi.org/10.1038/s41929-019-0401-9
https://doi.org/10.1149/1.2096302
https://doi.org/10.1002/0471656372.ch4
https://doi.org/10.1002/0471656372.ch4
https://doi.org/10.1116/1.5020432
https://doi.org/10.1116/1.5020432
https://doi.org/10.1007/BF00559349
https://doi.org/10.1007/BF00559349
https://doi.org/10.1016/S0022-0728(71)80123-7
https://doi.org/10.1016/S0022-0728(71)80123-7
https://doi.org/10.1063/1.323539
https://doi.org/10.1063/1.323539
https://doi.org/10.1016/j.apsusc.2016.03.091
https://doi.org/10.4028/www.scientific.net/KEM.253.225
https://doi.org/10.1063/1.1650890
https://doi.org/10.1063/1.1650890
https://doi.org/10.1039/B300151M
https://doi.org/10.1007/BF02680586

	Chemical expansion of CeO2minus delta and Ce0.8Zr0.2O2minus delta thin films determined by laser Doppler vibrometry at high temperatures and different oxygen partial pressures
	Abstract
	Introduction and motivation
	Current state of research
	Non-stoichiometry and chemical expansion
	Electrochemical pumping
	In-film stress and substrate bending

	Experimental details
	Sample preparation
	Characterization of the samples
	Experimental setup: SP-LDV and D-LDV

	Experimental results
	Crystal phases
	Morphology of thin films
	LDV measurements
	LDV measurements on the CeO2 sample
	LDV measurements of the displacement of the Ce0.8Zr0.2O2 samples


	Discussion
	Crystallographic phases
	SP-LDV and D-LDV data
	Comparison with calculated displacements and literature data
	CeO2
	CZO80
	Comparison of CeO2 and CZO80

	Thin-film morphology and origin of cracks
	Comparison of the model and experimental data
	Contribution of the substrate to the bending of the sample

	Conclusions
	Data availability
	Appendix
	Evaluation of LDV data
	Sample holders
	Derivation of the biaxial modulus and biaxial strain
	Enhanced vertical expansion in a constrained film
	Derivation of the deflection D_{0}
	Calculation of the uncertainty of the calculated displacement
	Calculation of the effective pumping voltage
	Space-charge layers and overpotentials
	Oxygen leakage through the PtRh electrode
	Discussion of the second plateau in D-LDV data

	References




