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Coherency strain and its effect on ionic conductivity
and diffusion in solid electrolytes – an improved
model for nanocrystalline thin films and a review
of experimental data

C. Korte,*a J. Keppner,a A. Peters,b N. Schichtel,b H. Aydinb and J. Janekb

A phenomenological and analytical model for the influence of strain effects on atomic transport in

columnar thin films is presented. A model system consisting of two types of crystalline thin films with

coherent interfaces is assumed. Biaxial mechanical strain e0 is caused by lattice misfit of the two phases.

The conjoined films consist of columnar crystallites with a small diameter l. Strain relaxation by local

elastic deformation, parallel to the hetero-interface, is possible along the columnar grain boundaries.

The spatial extent d0 of the strained hetero-interface regions can be calculated, assuming an

exponential decay of the deformation-forces. The effect of the strain field on the local ionic transport in

a thin film is then calculated by using the thermodynamic relation between (isostatic) pressure and free

activation enthalpy DG#. An expression describing the total ionic transport relative to bulk transport of a

thin film or a multilayer as a function of the layer thickness is obtained as an integral average over

strained and unstrained regions. The expression depends only on known material constants such as

Young modulus Y, Poisson ratio n and activation volume DV#, which can be combined as dimensionless

parameters. The model is successfully used to describe own experimental data from conductivity and

diffusion studies. In the second part of the paper a comprehensive literature overview of experimental

studies on (fast) ion transport in thin films and multilayers along solid–solid hetero-interfaces is

presented. By comparing and reviewing the data the observed interface effects can be classified into three

groups: (i) transport along interfaces between extrinsic ionic conductors (and insulator), (ii) transport along

an open surface of an extrinsic ionic conductor and (iii) transport along interfaces between intrinsic ionic

conductors. The observed effects in these groups differ by about five orders of magnitude in a very

consistent way. The modified interface transport in group (i) is most probably caused by strain effects,

misfit dislocations or disordered transition regions.

1 Introduction

Functional ceramics are used in a wide field of applications, e.g.
in sensors, thermal barrier coatings for thermally highly loaded
metallic components, solid oxide fuel cells (SOFC) or thin
dielectric films in microelectronic devices. In a number of
important applications, mostly in energy and sensor technol-
ogies, high ionic conductivity of the ceramic compounds is a
key requirement. This requirement can easily be met at high
temperatures, as ionic motion in solids is a thermally activated
process. Unfortunately, too high temperatures often cause material
degradation and side reactions, and the optimal temperature

range for stable operation is lower than necessary for sufficiently
high ionic conductivity. For anode supported SOFCs with thin
electrolyte layers down to 15–20 mm, the minimum operation
temperature is about 650–700 1C.1,2 Therefore, concepts for
stable solid electrolytes with sufficiently high ionic conductivity
at low and intermediate temperatures are required.3

1.1 Strain as an ‘‘issue’’ and as a concept

Recently, one of these concepts—namely the controlled use of
strain, i.e. ‘‘strain-based design’’ of solid electrolytes and their
‘‘chemomechanics’’—attracts increasing interest.4 In some
pioneering studies it was shown that strain may positively
influence ionic transport.5–8 In a number of subsequent experi-
mental,9–15 theoretical studies16–23 and a few reviews4,21,24–26

intrinsic strain as a control parameter has been investigated
and even used to tune transport properties in oxide ceramic
multilayer microdots.27 Mostly, epitaxial strain originating at
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heterophase boundaries was considered, but uniaxially strained
single crystals were also studied as well defined model systems.
We like to note that strain may often be an intrinsic issue in
composite materials for high temperature applications—as different
thermal expansion coefficients here always lead to internal strain at
heterophase boundaries.28 We also like to add that the precise
determination of actual strain at an inner interface under operation
conditions is difficult, and that the strain state of a specific interface
depends crucially on the microstructure of the interface. Thus,
a careful experimental design is required in order to avoid
incorrect conclusions, as e.g. in the case of electronic contributions
of substrates.5 As many solid electrolytes are multi-component
compounds, segregation effects may also significantly influence
the interfacial properties.22,29–33

1.2 Layered structures

In an attempt to understand the influence of strain on ionic
transport along heterophase boundaries on a quantitative basis,
we recently performed a systematic experimental study of a series of
well-defined layered composite systems along with the presentation
of a phenomenological strain-based model: multilayers of YSZ, a
ternary fluorite-type oxygen solid electrolyte (YSZ = yttria-stabilized
zirconia), with binary rare earth sesquioxides (RE2O3, RE = Y,
Lu, Sc) allowed the preparation of model-type thin films with
defined lattice misfit and corresponding epitaxial strain.6,7,9,12,13

The influence of coherency strain and of dislocation networks on
the ionic transport was quantitatively analysed in terms of an
own theoretical model. It is one of the purposes of the present
paper to present an improved model for strain-modified ionic
mobility along heterophase boundaries—taking the polycrystal-
line character and grain boundaries in the thin solid electrolyte
films into account.

In the case of space charge based models the focus lies on
the specific adsorption of charged point defects in the interface
to explain the modified transport coefficients. Due to the
specific absorption of one ionic species at the interfaces, a
space charge region is formed. In the space charge region the
absorbed point defect species is depleted and due to the
internal defect equilibria a corresponding point defect species
is accumulated, once the Gouy–Chapman model applies. This
can result in an increased concentration of mobile charge
carriers. The most important experimental studies and theoretical
work were reported in the 1980s and 1990s.34–43

However, in (strongly doped) materials like YSZ or CGO
(gadolinia doped ceria) with high concentrations of charge
carriers, the width of space charge regions is very small. It can
be estimated in the order of the Debye length. Thus, the effect on
the carrier concentration is negligible. Therefore, we exclude
space charge effects from our current treatment. Of course, they
should not be neglected in the case of systems with longer Debye
lengths. We also exclude—as before—the formation of inter-
phases with a new structure at the core of an interface as well as
contribution from segregation effects. We studied the chemical
composition of the YSZ/RE2O3 interface with high spatial resolu-
tion and did not find evidence for segregation or interdiffusion,
therefore we consider this assumption as justified.9

1.3 Review

As a number of interesting theoretical and experimental studies
have been published since the first papers on strain-modified
ion transport, we also summarise the available data for oxygen
solid electrolytes (and fluorine ion conductors) in order to better
judge the current state of research. We emphasise that we focus
exclusively on studies of strain as a controlling parameter in thin
film structures and leave other concepts for the improvement of
ionic conductivity (e.g. nanoscaled random microstructure with
high density of grain boundaries) aside. However, as grain
boundaries in epitaxial nanocrystalline films intrinsically influence
the conductivity of these films, their role will also be discussed in
Section 4. In essence, the number of systematic experimental
studies under well-defined conditions is still comparably small,
and further efforts will be required to prove the specific effect of
strain on ionic transport in different systems.

2 Literature survey on experimental
studies

Thin film and multilayer systems, prepared by vapour deposition
techniques, have a simple two-dimensional and well-defined
geometry, often a uniform texture and thus a uniform interface
structure. The measured properties can be easily attributed to a
distinct interface type, which makes thin film systems suitable
for interface transport studies. Most of the thin films studies in
the literature were performed on O2�-conductors,5–15,24,44–51 but
also F�, Li+, H+ and Ag+ ion conducting solid electrolytes have
been investigated.52–59

Two recent reviews on chemomechanic effects, electro-
catalysis and diffusion in ceramic materials, provide over-
views of about 14 experimental and some theoretical studies
of ionic conductivity of strained interfaces.4,21 The maximum
observed or predicted increase of the ionic conductivity
relative to the bulk value is discussed. Expanding this reviews,
we have reviewed and listed 24 experimental studies from
other groups and own studies in Table 1, which were pub-
lished in the last decade. The literature survey is restricted on
anion conductors to maintain a better mutual comparability
(O2� and F�).5–15,24,44–51,53,55,57,59

2.1 Data evaluation

The conductivity and diffusivity data of thin film and multilayer
studies with different layer thicknesses cannot be compared
directly. Comparing the value for the bulk transport with the
highest measured values for thin film samples, as it is reported
in an experimental study, can be misleading. The measured
(total) conductivity stot or diffusivity Dtot of a sample depends
essentially on the layer thickness d. In the simple case of
independent and parallel transport through the bulk phase(s)
of the ionic conducting film(s) and along the phase boundaries
the following expression can be derived:6,48

stotðdÞ
svol

¼ 1þ sint
svol
� 1

� �
2d0

0

d
if d4 2d0

0
(1)
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Ion conducting films with two interface regions with a width of
d0
0 each and a constant conductivity sint are assumed. The bulk

region with a thickness d � 2d0
0 has the unchanged volume

conductivity svol. The layer thickness d must be larger than 2d0
0.

An analogous expression can be derived for the corresponding
diffusivities Dtot, Dvol and Dint.

12,13

By plotting the measured (total) conductivity stot or diffusivity
Dtot of the samples divided by the bulk value vs. the reciprocal layer
thickness 1/d one obtains (in a first approximation) a linear relation,
once the interface regions do not overlap. The effect of the interfaces
on the total ionic transport can be characterised by the slope factor
ss � 2d0

0(sint/svol � 1), respectively, sD � 2d0
0(Dint/Dvol � 1),

independently of the prepared layer thicknesses. Both factors
ss and sD should be identical and their values can be directly
compared, due to the Nernst–Planck relation (see in detail in
Section 4).

2.2 Classification of the experimental data from the literature

The magnitudes of the slope factors ss and sD in Table 1
evaluated from the published data differ by about eight orders
of magnitude. Because of a non-linear behaviour, the slope
factors for some of the studies vary considerably when includ-
ing the data for the thinnest investigated layer thicknesses.
In this case we specify two values, together with the evaluated
layer thickness range. In the case of studies where only one
measurement for a single thickness is given, the slope factor is
italicised.

Considering the material properties of the used ionic con-
ductors, the morphology and the structure of the hetero-
interfaces we classify all studied systems into three groups
according to the magnitude of the slope factors:

(i) Strain control: multilayers consisting of extrinsic ionic
conductors (and insulators).5,6,9,11–13,24,49–51 The slope factors
have a value of about 101 nm at maximum.

(ii) Surface control: single thin films/multilayers consisting of
an extrinsic ionic conductor, exhibiting an open surface.8,10,14,44–48

The value of the slope factors is above 101 nm and about 105 nm
at maximum.

(iii) Space charge control: multilayers consisting of intrinsic
ionic conductors.53,55,57,59 A slope factor in the order of 103 nm
can be observed.

There is clear evidence that the highest increase of the ionic
conductivity observed in the study of Garcia et al.5 of up to eight
orders of magnitude in ultra-thin and strained YSZ films is
rather due to effects on electronic conduction than to an
increased ionic mobility.61–63 Comparing the reported sample
properties and experimental conditions, it is possible to attri-
bute the observed interface effects in each group to a distinct
(most probable) mechanism.

Space charge regions as an origin for increased interface
transport can be attributed to group (iii) for systems with
intrinsic ionic conductors. A slope factor in the order of
103 nm can be found. These considerably high values result
from the low conductivity of intrinsic bulk materials and a
relatively strong conductivity increase in the space charge
region. Thus, even with this increase the total conductivityT
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stot remains low compared to the bulk conductivity of extrinsic
ionic conductors.

In group (i) for systems with extrinsic ionic conductors
the smallest effects on the interface transport appear. The
(absolute) values of the slope factors are only in the order of
101 nm. Because of the absence of space charge regions, only
strain fields, misfit dislocations or disordered transition regions
in solid–solid phase boundaries may cause these moderate
effects. The grain boundary density may easily have a conduc-
tivity effect in the same order of magnitude, however, often
reducing the conductivity. Thus, strain effects may then not
increase the conductivity relative to single crystalline material,
but may help to reduce the negative effect of blocking grain
boundaries. We emphasise that the influence of grain bound-
aries depends on the size of the film crystallites. Unfortunately,
information on the film microstructure is not given in all cited
references.

In group (ii) also systems with extrinsic ionic conductors can
be found, but with slope factors above 101 nm and at maximum
up to 105 nm. This can be explained by open surfaces of the ion
conducting phases as a common feature of all samples. Atomic
transport along surfaces (solid–gas interfaces) is usually much
faster compared to grain or phase boundary transport (solid–
solid interfaces). The decreased number of bonds of a surface
atom and reconstruction phenomena will considerably change
the activation energy for jump processes.64 For the majority
of the experimental studies attributed to this group a slope
factor in the order of 102 nm can be found, i.e. one order of
magnitude higher compared to group (i).

In the following, we will perform an analytical treatment of
the elastic strain effects occurring in category (i) on a phenom-
enological basis using linear transport theory. Aim is an
analytical expression for the ionic conductivity or the diffusion
coefficient of interfacially strained nano-/microscaled thin
films, consisting of ionic conducting and insulating phases. A
correlation between the transport parameters and the dimen-
sions of the ionic conducting layers and the mutual mismatch

between the adjacent phases are derived and compared with
available experimental data. A simplified treatment has already
been published by us in previous papers.9,24 Major improvement
of our model is the introduction of a grain boundary dependent
strain relaxation in the solid electrolyte films, describing the thin
films in a more realistic way.

3 Phenomenological model for strain
effects
3.1 Lattice mismatch and elastic strain

A thin film (multilayer) model system is considered. It is assumed
that the adjacent layers consist of two crystalline phases, 1 and 2.
Both thin film materials are elastically deformable. There is a
lattice mismatch due to different lattice constants but the inter-
faces are still coherent:

f1=2 ¼
dhkl;2 � dhkl;1

dhkl;1
and f2=1 ¼

dhkl;1 � dhkl;2

dhkl;2
(2)

Hereby, f1/2 is the mismatch of phase 1 relative to phase 2 and
f2/1 the mismatch of 2 relative to 1. The mismatch between
phase 1 and 2 is assumed to be small, typically below �5%.
In mechanical equilibrium a common lattice distance dhkl,0 in
the interface plane is reached, if both phases are elastically
deformable:

f1=2 � �f2=1 �
dhkl;0 � dhkl;1

dhkl;1
� dhkl;0 � dhkl;2

dhkl;2

� e0;1 � e0;2

(3)

3.2 Elastic strains and stresses

The thin films of the ionic conducting phase consist of columnar
crystallites. As depicted in Fig. 1, the direction perpendicular
to the interface planes is defined as the z-axis and parallel to it as
x- and y-axes. For the further considerations the phase indices
1 and 2 are dropped. Each crystallite has two phase boundary

Fig. 1 Elastically deformable crystallites of phase 1 with a diameter l and a height d (layer thickness). The tensile strained case is shown in (a) and the
compressively strained case in (b). The lattice planes are matched across the interface to the crystallites of phase 2 (not shown). Elastic strain relaxation by
local deformation took place in the vicinity of both interfaces by introduction of dislocations in the grain boundaries. The spatial extent of the strained
interface regions is proportional to d0.
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planes at z = �d/2 and z = d/2, i.e. a height d (= layer thickness).
A biaxial strain state is assumed. The strain due to the mismatch
is only applied at the phase boundaries in the x–y-plane.
The diameter of the crystallites in the phase boundary planes
in x- and y-directions has the width l. The elastic properties
in both phases are assumed to be similar. The interface strain
will be divided approximately in equal parts by both adjacent
phases:

e0,1 E �e0,2

f1/2 E �f2/1 E 2e0,1 = �2e0,2 = 2e0 (4)

If the diameter of adjacent crystallites is relatively small, the
interface strain in both phases can be relaxed by local deforma-
tion in regions close to the interfaces. Thus, in each crystallite
two interface regions with a spatially decaying strain are formed.
To obtain the function describing the decay of the elastic
deformation one has to solve an integral equation, which con-
nects the elastic deformation, respectively, the resulting strain
and stress with the total elastic energy of the system. The desired
function is obtained by minimising the total elastic energy of the
system, i.e. for mechanical equilibrium.

As a simple approximation an exponential decay for the
elastic deformation can be assumed. Murakami et al., Luryi
et al., Stoica et al. and Fischer et al. also apply exponential strain
relaxation for the description of elastic strain states in epitaxially
grown and island shaped crystallites on silicon substrates.65–69

Due to this, the thickness limit for the formation of coherent
interfaces is increased.64,70 The volume elements in each layer
may be elastically shifted only parallel to the x- and the y-axis, see
Fig. 1. To compensate the interface mismatch by an elastic
deformation �le0/2 the shifts ux and uy will increase linearly
with the distance from the x–z-plane, respectively, the y–z-plane.
For x = 0 the shift in the x-direction is zero and for y = 0 the shift
in the y-direction is zero. The maximum shift for a volume
element in a layer is reached in the phase boundary planes at
z =�d/2 and z = d/2 at the outer limits x =�l/2 and y =�l/2 of the
crystallite. The shift uz in the z-direction depends only on the
distance from the x–y-plane.

The strain fields originating from the phase boundary
planes will superpose, if the height d of the crystallite is small.
The resulting elastic deformations at the phase boundary
planes at z = �d/2 and z = d/2 cannot exceed the deformation
xe0/2 required to compensate the interface mismatch. For an
exponential decay of the elastic deformation, these conditions are
satisfied by the following functions (p ez/d0�d/2d0, p e�z/d0�d/2d0,
scaling factor of 1 + e�d/d0):

ux ¼
e0x

1þ e�d=d0
e
z�d=2
d0 þ e

�zþd=2d0

� �

¼ e0x
cosh z=d0

cosh
d

2d0

(5)

uy ¼ e0y
cosh z=d0

cosh
d

2d0

(6)

uz = uz(z) (7)

The parameter d0 describes the width of the strained inter-
face region (decay of the deformation by a factor of 1/e). From
the elastic deformations in eqn (5) to (7) the strain components
exx, eyy, ezy, ezx and exy can be calculated:†

exx ¼ eyy ¼ e0
cosh z=d0

cosh
d

2d0

(9)

eyz ¼
e0y
2d0

sinh z=d0

cosh
d

2d0

(10)

exz ¼
e0x
2d0

sinh z=d0

cosh
d

2d0

(11)

exy = 0 (12)

In Fig. 2 the profile of the biaxial strain exx and eyy is
depicted vs. the position on the z-axis. As a boundary condition,

Fig. 2 Profile of the relative biaxial strains exx/e0 and eyy/e0 vs. the relative
position 2z/d. The phase boundaries are situated at 2z/d = �1 and 1.
Curves are plotted for different ratios d/2d0 between layer thickness and
the extent of the strained interface region. Noticeable overlap of the strain
fields appears, if d/2d0 o 5.

† The components of the Cauchy strain tensor e can be calculated from the elastic
deformations:

e ¼

exx exy exz

eyx eyy eyz

ezx ezy ezz

0
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� �

1

2

@uy
@x
þ @ux
@y

� �
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there are no (external) forces perpendicular to the phase
boundary planes, i.e. the stress component szz is zero:

szz = 0 (13)

The stress components sxx, syy, syz, sxz and sxy as well as the
strain component ezz are obtained from eqn (9) to (13) using the
generalised Hooke’s law:‡

sxx ¼ syy ¼
Y

1� n e0
cosh z=d0

cosh
d

2d0

(15)

syz ¼
Y

1þ n
e0y
2d0

sinh z=d0

cosh
d

2d0

(16)

sxz ¼
Y

1þ n
e0x
2d0

sinh z=d0

cosh
d

2d0

(17)

sxy = 0 (18)

ezz ¼ �
2n

1� n e0
cosh z=d0

cosh
d

2d0

(19)

For the sake of simplicity of the theoretical treatment, an
isotropic system is assumed, which can be described only by
two elastic constants, Young’s modulus Y and the Poisson
ratio n. The system has ideal elastic properties, i.e. the inter-
face strain leads only to elastic distortion of the interface
regions. We ignore more complex effects of mechanically
induced lattice transformation or changes in the short-range
order of ions.71

3.3 Total elastic energy, width of the strained interface
regions

The value of the parameter d0, describing the spatial extent of
the strained region in mechanical equilibrium, can be gained
by minimising the total elastic energy Eelast of the system:

Eelast ¼
1

2

ð
V

~r � ~edV ¼ 1

2

ð
V

X
i;j

sijeij dV (20)

Inserting all strain and stress components from eqn (9)
to (19) in eqn (20) and performing an integration within the
boundaries from x = �l/2. . .l/2, y = �l/2. . .l/2 and z = �d/2. . .d/2
one gets:

Eelast ¼
Y

1� n e0
2 l

2d

2

"
2d0
d

tanh
d

2d0
1þ 2

3

1� n
1þ n

l

4d0

� �2" #

þ 1

cosh2
d

2d0

1� 2

3

1� n
1þ n

l

4d0

� �2" #3775
(21)

The minimum of the elastic energy Eelast can be found by deriva-
tion of eqn (21) with respect to d0 and setting equal to zero. Only
one solution is physically meaningful:

d0 ¼
1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

1� n
1þ n

r
� l (22)

Within the limits of this model the width d0 of the elastically
strained interface regions depends directly on the diameter l of
the crystallites. Typical values for the Poisson ratio n of ceramic
materials are in the range between 0.3 and 0.4, i.e. d0 is about
13% to 15% of the diameter l of the crystallites.

3.4 Local (isotropic) pressure

The corresponding local isotropic pressure p can be calculated
from the stress components sxx, syy and szz in eqn (15) to (13):§

pðzÞ ¼ �2
3

Y

1� n e0
cosh z=d0

cosh
d

2d0

(24)

At the phase boundary planes, z = �d/2, the local isotropic
pressure reaches its maximum value:

pð�d=2Þ ¼ �2
3

Y

1� n e0 (25)

3.5 Local ionic conductivity

The diffusion coefficient D and the ionic conductivity s of
O2�-ions are pressure dependent. For simplification, we
focus on extrinsic ionic conductors with oxygen vacancies
V��O as the predominant mobile defect. Assuming an activated
jump process one obtains according to the transition state
theory:

s ¼ sV��
O
¼ ð2FÞ

2

RT
cV��

O
bl2o0e

�DG
#

RT

D ¼
cV��

O

c
DV��

O
¼

cV��
O

c
bl2o0e

�DG
#

RT

(26)

‡ The strain components ~e = (exx, eyy, ezz, 2eyz, 2exz, 2exy) and the stress components
~r = (sxx, syy, szz, syz, sxz, sxy) in an isotropic system are connected by the
compliance tensor (using Voight notation):

~e ¼ 1

Y

1 �n �n 0 0 0

�n 1 �n 0 0 0

�n �n 1 0 0 0

0 0 0 2ð1þ nÞ 0 0

0 0 0 0 2ð1þ nÞ 0

0 0 0 0 0 2ð1þ nÞ

0
BBBBBBBBBBBBB@

1
CCCCCCCCCCCCCA

~r (14)

§ The isotropic pressure is determined by the trace of the stress tensor s:

p = �1
3(sxx + syy + szz) (23)
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If we can neglect the pressure dependence of local point defect
equilibria on the vacancy concentration cV��

O
, the differentiation

of eqn (26) in respect to the pressure p yields:

@ ln s
@p

� �
T

¼ �DV
#

RT
and

@ lnD

@p

� �
T

¼ �DV
#

RT
(27)

The pressure dependence of the geometric factor b, the jump
distance l, the concentration c of oxide ions and the Debye
frequency (Bo0) is also not taken into account.72 In this case the
pressure induced change of transport coefficients in eqn (27)
depends only on the activation volume DV# of the migrating
point defect.

As depicted in Fig. 3 only ionic transport parallel to the
phase boundaries will be considered. The value of the ionic
conductivity for the unstrained volume phase (for p = 0) will be
denoted svol and the value of the diffusion coefficient of the
unstrained volume phase Dvol. To obtain an expression for the
local ionic conductivity s(z) as a function of the position z
perpendicular to the phase boundary planes, eqn (27) has to be
integrated within the limits svol. . .s(z) and 0. . .p(z). The same
applies to obtain an expression for the local diffusion coeffi-
cient D(z):

ln
sðzÞ
svol
¼ �DV

#

RT
pðzÞ and ln

DðzÞ
Dvol

¼ �DV
#

RT
pðzÞ (28)

As long as only relative values in relation to the unstrained bulk
are considered, the expressions to treat ionic conductivity and
the diffusion coefficient have an identical form. Thus, in the
following only the expression for the ionic conductivity will be
shown for brevity. By inserting the local pressure p(z) from
eqn (28) into eqn (24) one yields:

ln
sðzÞ
svol
¼ ae0

cosh z=d0

cosh
d

2d0

with a ¼ 2

3

DV#

RT

Y

1� n (29)

The dimensionless parameter a combines all material constants,
as Young’s modulus Y, the Poisson ratio n and the activation
volume DV # for the atomic jumps.

3.6 The total conductivity as an average between strained and
unstrained regions

The total conductivity stot perpendicular to the z-axis can be
calculated as an integral average of the local conductivity s(z)
within the limits z = �d/2. . .d/2 (see Fig. 3):

stotðdÞ
svol

¼ 1

d

ðd=2
�d=2

sðzÞdz ¼ 2

d

ðd=2
0

sðzÞdz (30)

By inserting eqn (29) in eqn (30) an expression for the total
conductivity stot relative to the volume conductivity svol of a
thin film with the thickness d can be derived:

stotðdÞ
svol

¼ 2

d

ðd=2
0

exp ae0
cosh z=d0

cosh
d

2d0

0
BB@

1
CCAdz (31)

By introducing a dimensionless film thickness parameter
d* = d/2d0 and a new integration variable z0 = z/d0 the integral
in eqn (31) can be simplified:

stot d	ð Þ
svol

¼ 1

d	

ðd	
0

exp ae0
cosh z0

cosh d	

� �
dz0

with d	 ¼ d

2d0
and a ¼ 2

3

DV#

RT

Y

1� n

(32)

To obtain analogue expressions for the diffusion coefficient,
in eqn (32) and all following equations only stot(d*)/svol has to
be substituted with Dtot(d*)/Dvol.

Unfortunately, there is no analytical solution for integrals of
the type

Ð
exp[a cosh(t)]dt. In Fig. 4 numerically calculated

values for the relative ionic conductivity stot/svol are plotted
vs. the reciprocal film thickness parameter 1/d*, using typical
values of ae0 for ceramic thin film systems.

Fig. 3 Parallel conduction svol in the volume (bulk) and along interface
regions close to the phase boundary with a modified conductivity sint.

Fig. 4 Solid lines: relative ionic conductivity stot/svol according to eqn (32)
vs. the reciprocal film thickness parameter 1/d* (= 2d0/d). Dashed lines:
initial slopes and limiting interface conductivities. For the parameter ae0

typical values found in ceramic thin films are used (Y = 200 GPa, n = 0.3,
T = 823 K, DV# = 2.0 cm3 mol�1 and e0 = �1.8%. . .2.2%).
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3.7 Limit for very thick layers

In the case of ‘‘thick’’ films any superposition of the interface
strain fields is negligible. The integral in eqn (32) can be
approximated,¶ if d c 2d0, i.e. d* c 1:

stot d	 
 1ð Þ
svol

� 1

d	

ðd	
0

exp ae0 exp z0 � d	ð Þ½ �dz0 (34)

The integral in eqn (34) of the type
Ð

exp[a exp(t)]dt can be
solved analytically:8

stot d	 
 1ð Þ
svol

� 1

d	
Ei ae0ð Þ � Ei ae0e�d

	� �� �
(36)

For the limit d* c 1 further simplifications can be made:**

stot d	 
 1ð Þ
svol

� 1þ Ei ae0ð Þ � ln ae0j j � g½ � 1
d	

(38)

Thus, eqn (32) can be approximated with a linear relation. The
initial slope Ei(ae0)� ln|ae0|� g depends only on the parameter
a and the mismatch induced elastic strain e0. For infinitely
thick films d* - N, eqn (38) and thus eqn (32) will reach a
limiting value of 1, i.e. interfacial strain is negligible for
geometrical reasons.

Ionic conductivity or diffusivity data, evaluated from experi-
mental studies, as compiled in Table 1, can only be plotted
directly vs. the reciprocal film thickness 1/d, as d0 is not known
a priori:

stot d	 
 1ð Þ
svol

� 1þ 2d0 Ei ae0ð Þ � ln ae0j j � g½ �1
d

(39)

In a plot of stot/svol or Dtot/Dvol vs. 1/d the width of the
strained interface region d0 is part of the initial slope
2d0[Ei(ae0) � ln|ae0| � g]. Thus, the measured initial slope
depends also on the diameter l of the film crystallites, see
eqn (22). In Fig. 5 the relative ionic conductivity stot/svol

for ae0 = 1.0 and a Poisson ratio n = 0.3 is plotted for typical
values of the crystallite diameter l, found in vacuum deposited
thin films.

Clearly, not only the film thickness d but also the crystallite
morphology within the layers is an important parameter,
influencing the strain effect on ionic transport. The shape of
the crystallites, i.e. the ratio between height (identical with film

thickness) d and diameter l controls the volume fraction of the
strained interface regions relative to the unstrained bulk, see
eqn (22). For the same film thickness d, the strain effect on
interface transport increases with increasing diameter l of the
crystallites. However, if the diameter of the crystallites decreases
in the same proportion as the layer thickness, l B d, the effect
cancels out and the overall transport coefficients stot and Dtot

remain constant (2d0/d = const.).

3.8 Limits for very thin layers

In the case of very thin films the elastic strain fields, originating
from both phase boundaries, overlap to a large extent. The
integral in eqn (32) can be approximated,†† if d { 2d0, i.e.
d* { 1:

stot d	 � 1ð Þ
svol

� 1

d	

ðd	
0

exp ae0ð Þdz0 ¼ exp ae0ð Þ (41)

Thus, eqn (32) will reach a limiting value of eae0. As well as the
initial slope for very thick layers, the limiting value of the
relative ionic conductivity stot/svol for very thin layers only
depends on the parameter a and the mismatch induced elastic
strain e0 (see Fig. 4).

Directly at the phase boundaries the maximum isotropic
pressure and thus the maximum effect on the local ionic
transport should be expected. Consequently, the limiting value
stot(d* { 1) in eqn (41) can be defined as the (maximum)
interface ionic conductivity sint:

sint
svol
¼ eae0 (42)

Fig. 5 Solid lines: relative ionic conductivity stot/svol according eqn (32)
vs. the reciprocal film thickness 1/d for typical values of the diameter l of
the crystallites in the thin film (ae0 = 1.0 and n = 0.3). Dashed lines: initial
slopes and limiting interface conductivity.

¶ If d* c 1 one can approximate cosh d* E 1/2ed*. Since the integration variable
z0 varies only between 0 and d*, the expression in the exponent of eqn (32) can be
simplified:

cosh z0

cosh d	
� ez

0�d	 þ e�z
0�d	 � ez

0�d	 (33)

8 Using the exponential integral function EiðxÞ ¼
Ð x
�1

et

t
dt one can derive:ðx

0

eae
t
dt ¼ Ei aexð Þ � Ei a (35)

** A series expansion can be made for the exponential integral function. The
infinite sum term can be neglected for small values of the functional argument:

Ei ae0e�d
		 

¼ gþ ln ae0e�d

	
��� ���þX1

n¼1

ae0e�d
	� �n

n � n!

� gþ ln ae0j j � d	 if d	 
 0

with g ¼ 0:577215665 . . . ðEuler’s constantÞ

(37)

†† If |d*| { 1 one can approximate cosh d* E 1. Because, the integration variable
z0 varies only between 0 and d* the expression in the exponent of eqn (32) can be
simplified to:

cosh z0

cosh d	
� ez

0 þ e�z
0 � 1þ 0 (40)
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3.9 An approximation function for the relative ionic
conductivity

There is no analytical solution for the parametric integral in
eqn (32). An approximation function can be given, by combining
the limiting values for very thin and very thick layers:‡‡

stot d	ð Þ
svol

� 1

d	
Ei

ae0
1þ e�2d	

� Ei
ae0

1þ e2d
	

� �

þ exp
ae0

2 cosh d	
exp

ae0
2 cosh d	

� 2
	 
 (44)

The function in eqn (44) is a good approximation for lattice
mismatches below 10%, using values of the material constants
typically found in ceramic ionic conductors. The highest deri-
vations are found in the intermediate range for d* E 1.

4 Discussion

In the following we will discuss and compare the experimental
studies from the literature5,11,49–51 and own studies6,9,12,13,24,60

performed on extrinsic oxide ion conductors from category (i),
as summarised in Table 1, with the improved strain model.
In these studies the total ionic conductivity stot and diffusion
coefficient Dtot for oxide ion transport in multilayers consisting
of the extrinsic conductor YSZ are measured parallel to the
phase boundaries, as described by the strain model (see Fig. 3). For
a proof of the introduced theoretical model on a quantitative—and
not only on a qualitative level—the basic assumption limiting its
applicability has to be considered. Only studies using systems with
plain, parallel orientated and coherent films can be quantitatively
discussed.

In the studies from the literature and own studies, sum-
marised in Tables 1 and 2, the ionic transport in the multilayer
and thin film samples is always measured parallel to phase
boundaries. The total O2�-conductivity is determined by impedance
spectroscopy and the O2�-diffusion coefficients by 18O-tracer experi-
ments. For an extrinsic ionic conductor like YSZ or CGO, the relative
change of the ionic conductivity stot/svol (to the bulk value) is
identical to the relative change of the diffusion coefficient of
the mobile ions Dtot/Dvol, if there is no additional electronic
conduction:§§

stot
svol
¼ Dtot

Dvol

ctot

cvol
(45)

In an extrinsic ionic conductor, the concentration of mobile
charge is virtually constant due to the high doping concentration.
Thus, the concentration of mobile O2�-ions close to the phase
boundaries should be essentially the same as in the bulk phase,
ctot E cvol. For this reason, the relative changes in the transport
parameters stot/svol and Dtot/Dvol for O2� vs. the reciprocal film
thickness 1/d are comparable and can be combined and plotted
in the same diagram (see Fig. 7).

4.1 Material parameters of YSZ

In the case of a pure strain based effect on the interface
transport, the magnitude of the expected increase (or decrease)
of the total ionic conductivity and diffusivity and thus the slope
in a stot/svol or Dtot/Dvol vs. 1/d plot can be estimated, using
eqn (39). The value of the dimensionless parameter a can be
calculated solely from literature data for the elastic properties
and activation volume:

Activation volume of YSZ. Park et al. have measured a value
of 2.08 cm3 mol�1 for the activation volume DV# of YSZ
(9.5 mol% Y2O3).73 The experimental study was performed at
750 1C, applying uniaxial pressure. This is in accordance with
other studies on (extrinsic) fluorite type anionic conductors,74–81

providing typically values of 2–4 cm3 mol�1. The activation
volume DV # is strongly dependent on the lattice structure. Rock
salt type ionic conductors have generally higher values in the
range of 6–10 cm3 mol�1.72,82

Table 2 Own experimental studies on (0001) Al2O3/RE2O3/[YSZ/RE2O3] � n multilayers (RE = Lu, Sc and Y). The mismatch is calculated for a
commensurate relation of 2 : 1 of the unit cell parameter (aYSZ : aRE2O3

). The width d0 of the strained interface region is determined by non-linear curve
fitting, using eqn (43), the value of the parameter a and the data plotted in Fig. 7. RSD is the standard deviation of d0, calculated from the residue. The
(average) diameters l of the film crystallites are calculated according to eqn (22), using the fit parameter d0. The initial slopes are (a) calculated according
to eqn (39) and (b) determined by linear regression of the onset of the plotted data

Multilayer system fYSZ/RE2O3
/% Experimental studies Temperature/1C

Fit using eqn (43) Initial slope/nm

a/1 d0/nm RSD/nm l/nm Eqn (39) Lin. regr.

YSZ/Sc2O3 �4.37 Conductivity9 560 53.4 4.4 0.1 32 �7.9 �6.1 � 0.8
Diffusion13 550 54.0 6.3 0.1 46 �11.4 �8.5 � 0.2

YSZ/Lu2O3 1.02 Conductivity24,60 560 53.4 (�0.3) 0.3 (�2.1) (�0.17) �1.4 � 2.4
Diffusion Not measured

YSZ/Y2O3 3.04 Conductivity6 560 53.4 3.7 0.01 27 7.4 7.4 � 0.1
Diffusion12 520 56.1 7.1 0.2 51 15.3 12.9 � 0.9

‡‡ An approximation for the parametric integral
Ð x
0e

a cosh tdt can be found when
considering that the hyperbolic cosine converges to 1/2e�t for t - �N and to 1

for t - 0. The slope at x - 0, i.e. d=dx
Ð x
0e

a cosh tdt should be ea. Thus, for x - �N
it can be approximated by the exponential integral function and for x - 0 by a
linear function: ðx

0

ea cosh tdt � Ei
a

2
ex

	 

� Ei

a

2
e�x

	 

þ e

a
2 e

a
2 � 2

	 

x (43)

The maximum deviation of this approximation function from the exact solution is
about 5%. §§ Considering the Nernst–Planck relation: si/(ziF)2 = Dici/RT.
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Elastic properties of YSZ. The model is derived for a material
with isotropic elastic properties. The elastic parameters for
cubic YSZ, Young’s modulus Y and the Poisson ratio n, change
considerably with the crystallographic direction.83–85 Moreover,
Young’s modulus is also temperature dependent.84–90 The
isotropic (average) Young’s modulus of YSZ doped with 10 mol%
Y2O3 decreases considerably from 210 GPa to 167 GPa in the
temperature range between 25 and 400 1C. The Poisson ratio does
only change slightly from 0.36 to 0.37:89

Temperature/1C 25 400 450 500 550 600

Young’s modulus/GPa 210 167 167 168 168 169
Poisson ratio 0.36 0.37 0.37 0.37 0.37 0.36

At room temperature in the doping range from 5 to 15 mol%
Y2O3 there is no pronounced composition dependence of the
elastic parameters.85,91 At higher temperatures also a consider-
ably composition dependence can be noticed. Thus, for tem-
peratures between 400 and 600 1C we calculate values between
65.7 and 50.4 for the parameter a.

4.2 Experimental studies on YSZ multilayers from the literature

The maximum misfit observed in experimental studies on poly-
crystalline thin films, respectively, multilayers with columnar
crystallite structure and (quasi-)coherent phase boundaries
may not exceed 6 to 10%. The average crystallite sizes of films
prepared by gas phase deposition are typically in the range of
20 to 100 nm. The highest misfits will only be reached in thin
films, consisting of (columnar) crystallites with a very small
diameter. According to eqn (42), this results in an increase of
the interface transport coefficients compared to the bulk value
of about 10 at maximum, but in the case of such small crystal-
lites the effect of blocking grain boundaries will also be maxi-
mised. The maximum slope as defined in eqn (39) may not
exceed values of ss = 30 nm.

Unfortunately, a detailed and quantitative discussion of all
experimental studies from the literature in category (i) is not
possible. In the case of the studies of Karthikeyan et al. on
multilayer samples, consisting of random orientated YSZ films
and amorphous insulating layers, it is difficult to estimate the
actual interface strain.49 In the studies of Pergolesi and Li et al.
multilayers consisting of two ionic conductors with comparable
O2�-conductivity were used.11,51 If a misfit is relaxed by tensile
strain in the first ion conducting phase and by compressive
strain in the second phase, as assumed in our model, the
increased transport in the first phase will be (partially) canceled
out or overcompensated by the decreased transport in the
second phase (or vice versa). The resulting effect on the total
conductivity or the diffusion coefficient may depend on the
ratio of the elastic properties, the activation volumes as well of
the layer thicknesses. In spite of the problem that no definite
estimation can be made, all measured slopes of the studies
from category (i) are in the expected range below ss = 30 nm.

In the case of the experimental study of Pergolesi et al. the
phase boundaries of the used YSZ/CeO2-multilayer samples
were also heavily rugged.51,92 Mismatch induced coherency
strain can be reduced by introduction of misfit dislocations
but also by tilting of the interface planes. This may be the cause
why any strain effect is suppressed (despite 5.2% misfit) and
why the authors observe no conductivity effect.

There is only one exceptional study with an extraordinary
large effect with a slope in the order of 108 nm. As discussed in
the beginning this is probably a misinterpretation of the effects
caused by electronic conduction or experimental issues.61–63

4.3 Own experimental studies on the YSZ/rare earth metal
oxide multilayer

Preparation of model systems. Due to the lack of experimental
studies which allow a quantitative evaluation of the strain state in
the interface, we have performed own studies on multilayers con-
sisting of cubic fluorite-type YSZ and ionic transport blocking cubic
bixbyite-type rare earth metal sesquioxides.6,9,12,13,24,60 The bixbyite
structure (Ia%3) is closely related to the fluorite structure (Fm%3m).
Essentially, the bixbyite unit cell has twice the lattice parameter of
the fluorite unit cell. Only 2/3 of the original fluorite anion lattice
sites are occupied. In our recent studies multilayer samples with
different rare earth metal sesquioxides RE2O3 with RE = Lu, Sc and Y
were prepared by pulsed laser deposition on (0001) Al2O3 substrates.
YSZ with a doping level of 9.5 mol% Y2O3 was used. The lattice
parameter of the used bixbyite-type rare earth metal sesquioxide
RE2O3 and the fluorite-type YSZ have approximately a 2 : 1 ratio. An
overview of the experimental studies is given in Table 2.

The samples were prepared by pulsed laser deposition (PLD) and
characterised by SEM, TEM/SAED and XRD/pole figure measure-
ments. Despite the considerable mismatch between YSZ, Y2O3, and
Sc2O3, in the phase boundaries of these multilayers, respectively,
only very few mismatch dislocations are formed. Dislocations are
located only in and close to the grain boundaries. The phase
boundaries in these studies are flat on an atomic level and can be
treated as (quasi-)coherent with an ideal 1 : 1 match of the lattice
plains. By changing the rare earth metal sesquioxide, i.e. the lattice
parameter, the mutual mismatch fZrO2/RE2O3

can be systematically
varied. Thus, the chosen combination of cubic oxides can be used as
(nearly) ideal model systems to study strain based effects.

As seen in Fig. 6, the crystallites in all prepared multilayers
have only constrained diameters below 100 nm. Thus, the
interface strain can be considerably relaxed by local deforma-
tion. The average crystallite sizes of all samples are in the same
range (see below). Using (0001) Al2O3 substrates, the crystallites
in the thin films of the YSZ/Y2O3- and YSZ/Sc2O3-multilayer
have only one preferential orientation, (111) YSZ/(111) RE2O3

(RE = Y, Sc). In the case of a YSZ/Lu2O3-multilayer also other
orientations like (110) YSZ/(110) Lu2O3 and (100) YSZ/(100)
Lu2O3 were found. Details of the experimental setup and the
characterisation are given in the cited studies.

4.4 Fitting of the data of own experimental studies

The relative conductivity and diffusion data in Fig. 7 can be
fitted with the approximation function in eqn (43) to validate
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the introduced model. The material dependent parameter a of
YSZ for the experimental temperatures is calculated from
literature data89 and also listed in Table 2. The only fitting
parameter is the width d0 of the strained interface region.

YSZ/Y2O3. The lattice parameters of YSZ (9.5 mol% Y2O3)
amount to 5.143 Å and of Y2O3 to 10.604 Å.93–98 Due to the
positive lattice mismatch of +3.04%, a tensile strain e0 of
+1.52% relative to the YSZ layers should exist. The relative ionic
conductivity and the diffusion coefficient, stot/svol and Dtot/Dvol,
are increasing with decreasing layer thickness d (increasing
density of interfaces). Thus, the initial slopes are positive. As
expected from eqn (28), tensile strain results in an increased
ionic transport coefficient in the interface region compared
to the bulk. An increasing effect of tensile strain on the inter-
face conductivity in extrinsic O2�-conductor is also clearly

demonstrated by Li et al. and Sanna et al. for YSZ/GZO and
YSZ/SDC multilayers.11,50 By fitting eqn (43) d0 yields as 3.7 nm
for the conductivity data and as 7.1 nm for the diffusion data.
Using eqn (22) the (average) diameter l of the film crystallites
can be calculated from d0. For the conductivity data one gets an
(average) diameter of 27 nm and for the diffusion data
of 51 nm.

YSZ/Sc2O3. The lattice parameter of Sc2O3 equals 9.846 Å.99

Due to the negative lattice mismatch of �4.37% there is a
compressive strain e0 of �2.19% relative to the YSZ layers. As
expected for compressive strain in the interfaces a decrease of
the ionic conductivity and the diffusion coefficient has been
measured. The initial slopes are negative. A decreasing effect of
compressive interface strain on conductivity is also shown by
Shen et al. for the YDC/CZO multilayer.15 By fitting, d0 yields
4.4 nm for the conductivity data and 6.3 nm for the diffusion data.
The (average) diameter l of the film crystallites results 32 nm for
the conductivity data and 46 nm for the diffusion data.

YSZ/Lu2O3. The lattice parameters of Lu2O3 equal
10.391 Å.100,101 The small positive lattice mismatch of +1.02%
and thus the only small tensile strain e0 of +0.52% should result
to the least effect on phase boundary transport. Indeed, no
clear trend can be seen, due to the strong scattering of the
present conductivity data. A simple linear regression of the data
yields a negative slope. By fitting eqn (43), d0 will converge to a
small but negative value, because of the specified positive
strain. Due to the lack of accuracy of the experimental data,
the obtained values for YSZ/Lu2O3 (marked with round brackets)
have no physical meaning. At the moment there are no diffusion
data available.

Diameter of film crystallites from TEM. The average size of
the columnar film crystallites of the multilayer samples can
also be estimated from (HR)TEM investigations. This yields
values for the film crystallite diameter l in the order of
25–75 nm for the YSZ/Y2O3-multilayer, respectively, in the order
of 20–50 nm for the YSZ/Sc2O3-multilayer, see Fig. 6(a) and (b).6,9

Fig. 6 Dark field (DF) TEM micrographs of Al2O3/RE2O3/(YSZ/RE2O3) � n multilayers. (a) YSZ/Y2O3 with n = 3, (b) YSZ/Sc2O3 with n = 50 and YSZ/Lu2O3

with n = 70 YSZ layers.6,9,60 All multilayers show a columnar microstructure. The (average) diameter of the crystallites is below 100 nm.

Fig. 7 Relative O2�-conductivity and diffusion coefficients, stot/svol and
Dtot/Dvol, from the YSZ/RE2O3-multilayer studies (RE = Y, Lu, Sc) listed in
Table 2 vs. the reciprocal thickness 1/d of the YSZ layers. The blue and
red curves are fitted to the data, using eqn (32) and the values for the
parameter a in Table 2.
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The smaller grain size is measured close to the Al2O3 substrate,
the larger in the middle of the multilayer. Thus, the values for
l determined by fitting the conductivity data of about 30 nm
and by fitting the diffusion data of about 50 nm are close to the
values from the microscopic investigations.

In the case of the YSZ/Lu2O3-multilayers the diameter l cannot
be determined by fitting because of the strong scattering of the
present conductivity data. From (HR)TEM investigations values
between 20 and 70 nm were determined for the (average)
diameter l of the YSZ crystallites,24,60 which are comparable
to the values obtained for YSZ/Y2O3- and YSZ/Sc2O3-multilayers,
see Fig. 6(c).

4.5 Partial electronic conduction

In the case of stoichiometric composition, bulk phase rare
earth sesquioxides Y2O3, Sc2O3 and Lu2O3 are insulators for
ionic and electronic transport6,9,24,60 and bulk phase YSZ is
virtually a pure ionic conductor with a negligible electronic
transfer number. For thin film or multilayer samples, addi-
tional electronic conductivity due to a partial reduction of the
bulk phases or a change of the electronic band structure in the
interface region is discussed.63,102 Also experimental artefacts
originating from external short-circuit paths are often considered,
but can be safely excluded in the case of our multilayers—as their
resistance is always much lower than the resistance of the
substrate and sample holder.61,62

The absence of electronic partial conductivity can be verified
by comparing the results of the ionic conductivity with
18O-tracer diffusion measurements.12,13 In a diffusion experi-
ment only ionic transport is measured. In a conductance
experiment a possible electronic partial conductivity may be
included in the total conductivity. In all of our studies stot/svol

is equal or at least smaller than Dtot/Dvol. One can conclude that
neither a significant electronic partial conduction nor leakage
currents through the substrate or the ceramic sample holder
play a measurable role. This holds as long as there is no strong
variation of the (average) crystallite diameter and no depletion
of mobile oxygen vacancies in the interface region, which might
overcompensate an increase of the total conductivity caused by
additional electronic conduction.

4.6 Grain boundaries

The grain boundaries between the crystallites in ionic conduct-
ing layers may influence the total ionic conductivity of the
multilayer. Depending on the mutual orientation of adjacent
crystallites, i.e. on the grain boundary structure (from low angle
to high angle grain boundaries), ionic transport across
(perpendicular) the grain boundaries is often hampered com-
pared to the bulk.103

In addition to the blocking effect at grain boundaries also
additional non-equilibrium lattice defects, like local disordered
regions or dislocation loops in the volume of the crystallites,
can reduce the measured total ionic transport. Such lattice
defects can locally influence the point defect equilibria and
alter the migration enthalpy.104,105 In the case of thin films,
non-equilibrium lattice defects in particular originate from the

vapour deposition techniques used for preparation. Such
defects can only relax if sufficient diffusional (cationic and
anionic) transport through the volume is possible. This can be
safely achieved at a preparation temperature or a subsequent
heat treatment above 1/2 to 3/4 of the melting point Tmelt.

106,107

All multilayers were subjected to a heat treatment at 800 before
performing the measurements. This is only 1/3 of the melting
temperature of YSZ (B2700 1C).

The blocking effect of grain boundaries and additional non-
equilibrium lattice defects within the crystallites in micro-/
nanocrystalline films can reduce the mean ionic transport
coefficients—compared to (bulk) single crystal samples—by
up to one order of magnitude. Depending on the grain orienta-
tion and the degree of the film texture even anisotropic con-
ductivity can be expected. By and large, conductivity effects
caused by the texture, grain boundary structure and non-
equilibrium lattice defects may be in the same order of magni-
tude as strain-based effects at hetero-phase boundaries. We
emphasise that our model in Section 3 describes only the strain
effect caused by hetero-phase boundaries. Any other blocking
effect has to be treated separately. This is perfectly reasonable, as
the (absolute) conductivity of the bulk film does not represent a
model parameter—we only scale the strain effect by comparison
with the film bulk conductivity.

In essence, a prerequisite for the reproducible investigation
of strain effects are multilayer samples with a comparable
texture, grain boundary density and lattice defect density in
the crystallites. The ionic conductivity for unstrained regions of
the films is in fact reduced compared to a single crystal, but
should be roughly sample independent. This can be only
achieved if all samples are prepared with the same deposition
technique, using well reproducible conditions. As described
before, in the case of (own) experimental studies on YSZ/RE2O3

multilayers this could be assured by using always the same
deposition parameters for PLD preparation, the same heat
treatment before performing the ionic transport measurements,
and by subsequent XRD and TEM analysis.9,12,13,48

By analysing the results from the improved strain based model,
one finds that the (average) diameter l of the crystallites in the ion
conducting layers on its own is a crucial parameter in addition to
the layer thickness d, determining the extent of the strain effect on
ionic transport. The (average) diameter of the crystallites directly
influences the strain relaxation in the interface regions, i.e. the
width of the strained region d0 and thus the measured initial
slopes, see eqn (22). By combining eqn (39) with eqn (22) one finds:

stot d	 
 1ð Þ
svol

� 1þ Ei ae0ð Þ � ln ae0j j � g½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

6

1� n
1þ n

r
l

d
(46)

In multilayer samples with a decreasing (average) diameter l of the
film crystallites as a function of the layer thickness d, i.e. with a linear
dependence like l B d, the geometric dependence on the measured
total transport properties disappears or will be diminished.

4.7 Point defect association equilibria

In heavily doped extrinsic ionic conductors like YSZ or CGO
the mobile oxygen vacancies can form associates with the
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immobile dopant cations, which are charged relative to the
regular cations. In the case of YSZ, the formation of {V��O ;Y

0
Zr}

pairs has then to be considered, which depends on the Y2O3

doping level:

Y2O3 ¼ 2Y0Zr þ 3O�O þ V��O

V��O þY0Zr ¼ V��O ; Y
0
Zr

�  (47)

In the presented model in Section 3 the mismatch induced
strain is linked in a kinetic first-order approach with the ionic
conductivity only by the pressure dependence of the free activa-
tion enthalpy DG# for ion jumps, see eqn (26), which governs the
rate of successful jumps. The concentration of mobile point
defects is assumed to be constant. When taking point defect
equilibria into account, as eqn (47), pressure, respectively, pres-
sure gradients, can influence the concentration of mobile oxygen
vacancies cV��

O
. The defect association equilibrium in eqn (47) can

be described by a mass action law with an equilibrium constant
Kass and a free reaction enthalpy DG0

ass:

c V��
O
;Y0Zrf g

cV��
O
cY0

Zr

¼ Kass ¼ e�
DG0

ass
RT (48)

In the case of strong association, i.e. cV��
O
� cY0Zr

; c V��
O
;Y0

Zrf g and

cY0
Zr
� c V��

O
;Y0

Zrf g, eqn (48) can be approximated to:

cV��
O
� 1=Kass (49)

By inserting eqn (49) in (26) the pressure dependence of the ionic
conductivity and the diffusion coefficient can be easily calculated.
The influence of strain on the conductivity s is now controlled by
sum of the activation volume DV# for the ionic motion and the
reaction volume DV0

ass of point defect association:

@ lns
@p

� �
T

¼ �DV
# þ DV0

ass

RT
(50)

The result for the diffusion coefficient D is analogue. There are
only very few experimental studies available providing data for
the reaction volume of point defect association.108–111 Positive
as well as negative values can be found. A reaction volume
DV0

ass in the order of �9 cm3 mol�1 is estimated for the
formation of {V��O ;Gd0Ce} ion pairs in CGO.109,110 Thus, associa-
tion effects may either enhance or diminish the effect of strain
on ionic jumps.

In the case of weak association, i.e. cV��
O
; cY0

Zr

 c V��

O
;Y0

Zrf g
and cY0Zr

.
2 � cV��

O
, eqn (48) can be approximated to:

cV��
O
� 1

2 Kass þ 1
.
c0
Y0Zr

	 
 (51)

Hereby, c0
Y0Zr

is the total concentration of Y3� dopant cations.

If Kass � 1
.
c0
Y0Zr

, point defect association can be neglected and

the pressure dependence of the concentration of mobile oxygen
vacancies cV��

O
will tend to zero. If the value of Kass has the same

magnitude as 1
.
c0
Y0
Zr

, the pressure dependence in the case of

weak association is smaller compared to strong association.
We assume that association effects can be neglected in this
case, anyhow.

Clearly, mere transport experiments do not allow us to separate
the effects of strain on defect mobility and on the concentration of
mobile defects. But one should keep in mind that the effect on the
concentration of mobile vacancies can be significant, once asso-
ciation is severe. The values of DV # and DV0

ass can be of compar-
able magnitude and can either add up or cancel out.

We also like to add that the segregation of dopants or
impurities in the vicinity of grain and phase boundaries may
have an effect. In heavily doped extrinsic ionic conductors like
YSZ or CGO the doping components Y2O3, Gd2O3, respectively,
are often accumulated in the interfaces, depending on the
preparation conditions.112,113 As state above, we could not find
evidence for significant segregation at hetero-phase boundaries
prepared by PLD, and therefore, we exclude it from further
discussion. However, the possibility should be kept in mind,
and under prolonged high temperature treatment segregation
may occur even driven by local strain.

5 Conclusions/summary
5.1 Phenomenological model and model experiments

We introduce a theoretical model for the description of the
ionic transport in strained polycrystalline ceramic thin films
and multilayers, consisting of a solid electrolyte and an insu-
lator. It is based on interface strain fields, originating from
phase boundaries with a structural mismatch. Assuming expo-
nentially decaying strain fields, an analytical expression is
obtained for the ionic conductivity/ionic diffusion coefficient
relative to the bulk phase, as a function of the film thickness.
The resulting formula depends only on the elastic parameters,
the activation volume and the diameters of the crystallites
in the film layers, see eqn (32). Thus, it is of general character.

We also performed a literature survey to compile a summary
of the recent experimental studies on anion (O2� and F�)
transport in thin films and multilayers. The studies can be
categorised by introducing the ‘‘slope factor’’ ss, which numeri-
cally describes the influence of the increasing phase boundary
density on the conductivity. The least effect in the order of
101 nm at maximum can be found for systems consisting of
extrinsic ionic conductors. Higher effects above 101 nm up to
about 105 nm at maximum can be observed if surface transport
is included. Systems consisting of intrinsic conductors range in
the order of 103 nm. We like to note that the apparently small
strain effects in category (i) may be of greater practical signi-
ficance than space charge effects in category (iii). Space charge
effects will only be observed in systems with small intrinsic
conductivity, where the resulting conductivity can still be much
lower than in extrinsic, strongly doped electrolytes. Thus from a
practical point of view, strain effects can be important in
improving electrolytes with high conductivity.

Strain or structural effects are probably the origin of the
modified interface transport properties for systems consisting
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of extrinsic ionic conductors. In the case of pure strain effects
the observed magnitudes are in the predicted range of the
model. Due to the typical elastic properties of ceramic oxides
and structural limitations for coherency strain, the strain effect
will only affect interface transport properties less than a factor
of 10. However, a factor of 10 is a significant increase for an
electrolyte which already has a high conductivity. However, as
already pointed out above, grain boundaries in strained epitaxial
films will also influence the ionic conductivity – mostly in the
direction of a lower conductivity. The effective total conductivity
will then depend on the balance between grain boundary and
strain effects. Maximal strain effects will be found in thin films
with large columnar grains, where the density of grain boundaries
is low and strain relaxation is not very effective. This is a highly
important result, and we conclude that real ‘‘strain design’’ of solid
electrolytes from the first requires advanced thin film deposition
techniques with controlled growth of wide area epitaxial films with
coarse grains.

In own studies, YSZ/rare earth metal oxide multilayers with
coherent interfaces and various mismatches and thus interface
strain were used. The experimentally observed dependence of
the transport properties (relative to the bulk) vs. layer thickness
can be fitted to the model, only using literature data for the
elastic parameters and activation volume. The only fit para-
meter is the (average) diameter of the film crystallites. The
values obtained from fitting are in accordance with the values
determined by TEM. The model is able to explain on a semi-
qualitative level the observed effects on interface transport.

The results from the conductivity measurements on the YSZ/
Lu2O3 multilayer samples scatter considerably. The most impor-
tant difference compared to the YSZ/Y2O3- and YSZ/Sc2O3-
multilayers is a less well defined texture/orientation of the film
crystallites. This will cause additional and different types of grain
boundaries between the crystallites in a layer, which may also
change the ionic transport coefficient to a different extent.

To verify the influence of interface strain, still more experi-
mental data for ionic conduction and diffusion in multilayer
systems with well defined geometry and texture are required. In
addition to the transport measurements also an X-ray diffrac-
tion analysis on the directional strain fields in the layers has to
be performed. The functional course of the measured (average)
strain perpendicular and parallel to the phase boundaries in
the solid electrolyte and the insulator phase as a function of the
layer thickness can be used to support the basic assumptions of
the model.

5.2 Limitations of a simple strain based model

It comes out that strain effects will only influence the ionic
transport in a layered system (of solid electrolytes with a high
concentration of mobile charge carriers) at maximum by one
order of magnitude. Grain boundaries in the bulk of the ion-
conducting layers influence the total conductivity in the same
order of magnitude due to their blocking effect on ionic
transport. Thus, only samples with similar grain boundary
density and texture may be safely compared to explore the role
of strain effects. The (average) diameter of the crystallites is in

addition to the layer thickness also a crucial parameter deter-
mining the influence of the strain effects on ionic transport.
According to the model, the (average) diameter of the crystal-
lites directly controls the strain relaxation in the interface
regions and thus the measured initial slopes.

Our model is based on isotropic mechanical behaviour. Only
an isostatic pressure is assumed to introduce the pressure
dependence of the ionic transport coefficients. This can only
be a first order approach to demonstrate the fundamental effect
of strain on interface transport. It can be improved by using the
full (anisotropic) compliance tensors. The results would depend
on the space group, the orientation of the film crystallites and
the current direction in the interface plane. As well, the partial
derivatives of the free activation enthalpy with respect to the
stress components have to be considered separately.
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