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Abstract:

This work describes the growth of thin epitaxial films of the layered perovskite material GdBaC0,05 55
(GBCO) on different single crystal substrates SrTiO; (STO), (LaAlO3)y3(Sr,TaAlOg)o 7 (LSAT) and LaAlOs
(LAO) as a way to study changes in the thermoelectric properties by means of the induced epitaxial strain.
In addition to strain changes the films grow with considerably different preferred orientations and domain
microstructure: GBCO films on STO are purely c-axis oriented (c,) with an average 0.18% in-plane tensile
strain; GBCO on LSAT are composed of domains with mixed orientation (c¢; and c,) with an average 0.71%
in-plane compressive strain; while on LAO it is b-axis oriented (c¢) with an average 0.89% in-plane
compressive strain. These differences result in important cell volume changes, as well as in the
orthorhombicity of a-b plane of GBCO structure, which in turns induce a change in the sign and temperature
dependence of the thermopower, while the electrical conductivity remains almost unchanged. In general,
compressively strained films show negative S thermopower (n-type) while tensile strained film show

positive S (p-type) at low temperatures, probing the adaptive nature of GdBaCo0,0s 5.5 compound. These
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results point to the spontaneous generation of oxygen vacancies to partially accommodate the epitaxial

stress as the main cause for this effect.

Introduction

Thermoelectric Seebeck effect is very important from the perspective of future clean energy utilization and
management, as it is a fundamental factor in the performance of solid-state thermoelectric generators
(TEGs). Efficiency of such devices is related to the thermoelectric figure of merit; zT= (T.S%*/p.x), where S,
p, x and T are Seebeck coefficient, electronic resistivity, thermal conductivity and mean temperature,

respectively'.

Quest for p- and n-type high performance thermoelectric materials, both necessary for implementation
in TEG modules, remains an active field of research.? In particular, focus has been turned into the oxide
materials because of their excellent chemical stability at high temperatures, high abundance and
environmental friendliness of the constitute elements.> However, just a few oxides have shown promising
thermoelectric properties with sufficient stability and zT values close to unity at high temperature.
Examples include Na,CoO,,*° misfit layer cobaltates Bi,Sr,C0,0,” and Ca;C040,,® which are p-type, and
Zn0,’ Nb/La doped SrTiO3,'%!" or CaMnOs,!> which are n-type. Within the cobalt oxide-based family of
compounds the understanding of the relationship between complex spin and orbital degeneracy of cobalt

ions'3* and the large S of p-type layered misfit cobaltates remains a challenging research topic.!>!”7

In this regard, layered double perovskite GdBaCo0,0ss.5 (GBCO) compound shows some
characteristics that make it particularly interesting from the thermoelectric point of view: i) it shows a
change of the sign of Seebeck coefficient from negative to positive (i.e., from n- to p-type), just by
increasing/decreasing the oxygen content!®!? at both sides of =0 in GdBaCo0,0s 5.5 (stability range from -
0.5< 8 <+0.3); ii) the origin of the high positive and negative Seebeck coefficient was proposed from the
contribution of spin and orbital degrees of freedom (i.e., configurational entropy) of Co ions, which differs
significantly from conventional electronic band structure engineering;'®?’ and iii) the layered crystal
structure and oxygen vacancy ordering resulted in a remarkable uniaxial anisotropy of Co*" spins?!, which

could, in principle, bring about highly anisotropic thermoelectric properties.

In this report, we show that epitaxial engineering can be used to promote the growth of high crystal
quality GdBaCo,0s s with different crystal orientations and strain, and hence to study their effect in the

thermoelectric properties of this material.

The crystal structure of GdBaCo,0s s is orthorhombic Pmmm at room temperature?’, with lattice

parameters a = 3.862, b/2 = 3.934 and ¢/2 = 3.786 A. In order to induce different film substrate mismatch
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for this study we have selected the following substrates: (001) SrTiO; (STO), (LaAlOs)o3(Sr,TaAlOg) 7
(LSAT) and LaAlO; (LAO), with pseudocubic lattice parameters 3.905, 3.870 and 3.790 A, respectively.

Experimental methods

Epitaxial films with 25 to 40 nm thickness were grown by pulsed laser deposition (PLD) technique on STO,
LSAT and LAO substrates. Preliminary study indicated that in these range of thickness films grow fully
strained with the substrates and no substantial relaxation takes place. The substrate temperature during film
deposition was kept constant to 850 °C with a laser fluency of ~1.5 J/cm? and a repetition rate of 10 Hz.

The oxygen partial pressure during the growth and heating-cooling steps was 60 mTorr.

The structural characterizations of the as grown films were carried out by standard X-ray diffraction in
a 20/m configuration using Panalytical X pert pro-MRD diffractometer. Thickness of the films was
determined from the X-ray reflectivity (XRR) technique. The in-plane and the out-of-plane lattice constants
of the films were accurately calculated from the X-ray reciprocal space maps (RSMs). Microstructural
characterization of the films were carried out by high-resolution transmission electron microscopy
(HRTEM) using a FEI Tecnai G2 F20 microscope with a field emission gun working at 200 kV. Electron
Energy-Loss Spectroscopy (EELS) experiments were performed in STEM mode at 200 kV using a Gatan
Quantum SE 963 Imaging Filter (GIF). Energy-dispersive x-ray (EDX) spectroscopy experiments were
performed using an EDAX super ultra-thin window (SUTW) X-ray detector.

Electrical conductivity measurements were carried out in a Van der Pauw configuration from 50 to 300
K. For Seebeck coefficient measurements, a Pt heater and two Pt resistors/thermometers were patterned on
the top of thin film surface by optical lithography. Details of the thermopower experiments are presented
in Fig. S1 (in Electronic Supplementary Information, ESI). The Pt line heater was electrically isolated from
the rest of the film in order to avoid any current leakage from the heater to the film. Similar metal electrodes
were patterned on a bare STO substrate to check whether there could be any contribution of STO substrates
to the thermopower of the GBCO thin films. Prior to the lithography processes, the STO substrates were
treated with exactly the same conditions as GBCO films (same temperature and pO, atmosphere). The STO
substrate was still electrically insulating after this treatment, confirming is the negligible contribution of
the substrate to the thermopower of GBCO films reported in this work. The similar order of magnitude of
resistivity of LAO and LSAT materials precludes as well any contribution of those substrates to the

thermopower of the films.

Results and discussion
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Based on close matching criteria one could anticipate the alignment of a-, b- and c-axes of GBCO with
respect to the substrate and therefore the preferred growth orientations of the GBCO films. A rough estimate
of the lattice mismatch is presented in Table I. To calculate the epitaxial strain induced by each substrate

was calculated from

mismatch (%) = — @ x 100, (1)
agll
using the pseudo-cubic (effective) in-plane lattice parameters of GBCO. The effective in-plane parameter
is calculated as the geometric mean value of the two cell parameters within the matching plane depending
on the crystal domain orientation, either a,, b, or c -oriented. As can be seen in Table I, the mismatch
difference between different orientations of GBCO is very large on STO so that the ¢,-axis orientation,
with a clear lower mismatch (+0.18%), dominates. On the other hand, for the case of GBCO on LAO, the
preferred growth direction is along b, -axis (that is ¢| to the substrate), with a compressive strain (-0.86%).
In case of GBCO films on LSAT, an intermediate situation is foreseen where the most likely growth
orientation can either be c,-axis oriented (with a compressive strain of -0.71%), a,-axis oriented (with a
tensile strain of +0.28%) or a mix of both ¢, and a, orientations, since they show similar matching values.
(although b, orientation could not be a priori discarded). Based on this calculation, the expected orientations
of GBCO films on the different substrates are illustrated in Fig. 1d-f., as predominantly ¢, on STO, mixed
ci, ayi, by (equally expressed as ¢, +cj) on LSAT, and b, (equally expressed as pure ¢|) on LAO. Note that

on LAO ¢ can lay in two orthogonal in-plane directions as depicted in the scheme.

Table I Expected strains and most preferred growth directions of GBCO film on STO, LSAT and LAO

substrates
Growth Matching Effective Mismatch in Mismatch in Mismatch in
orientation plane (pseudo) in-plane STO (%) a = LSAT (%) a=  LAO (%) a=
of GBCO (A) 3.905 A 3.870 A 3.790 A
cl a-b 3.898 (\a x (b/2) +0.18 -0.71 -2.76
)
al b-c 3.859 ( +1.19 +0.28 -1.76
\(b/2) % (c/2))
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bl c-a 3.823 (W(c/2) x a +2.14 +1.22 -0.86
)

The existence of Gd/Ba cation ordering along c-axis forming a stack sequence of -{GdO-Co00,-BaO-
Co00,]- layers (see Fig.1a) doubles the cell parameter from a simple perovskite, which is readily observed
by the appearance of clear half-order % k //2 reflections in X-ray and electron diffraction experiments (half-
order meaning with respect to main reflections of a primitive cubic perovskite). Therefore, cation ordering
provides a way to identify the orientation of the c-axis. For example, for ¢,-axis oriented GBCO crystal
domains, the cation ordering can be found perpendicular to the film surface (Fig. 1a) while for ¢-axis
oriented GBCO crystal domains, the cation ordering should be parallel to the surface (Fig. 1a). Doubling
along b-axis is related to oxygen vacancy ordering and is more difficult to observe since it involves lighter

oxygen ions with lower scattering factor for X-rays.

(@) o o
o 0 o
o 0o o
o 0 o
) ° o
(d) 3.934 A (f)
b/2
.a
3.862 A c c
3.786%x2 A b2
[
b/2
STO a 4
> 7
3.905 A LAO
3.870 A 3.790 A
CJ_ CHJrCl bi(& C”)
I t T T i
3.95 A 1 T 3.85A 1 3.75A
0 -
STO (+0.18%) | AT (:0.71%) LAO (-0.86)

Fig. 1 Crystal structure and orientation of GdBaCo0,0ss (GBCO) thin films growth on different substrates.
a-c) Crystal structure of GBCO depending on the growth directions. Structure of GBCO is orthorhombic
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at room temperature, where CoOg4 octahedrons and CoOs pyramidal sites are in equal in number in
stoichiometric composition. GdO and BaO layers are stacked alternatingly along crystallographic c-axis.
d-f) Schematic illustration of the expected orientations of GBCO epitaxial films on STO, LSAT and LAO
substrates according to the lattice mismatch calculation (see text). Bottom graph represents the substrates

lattice parameters with expected lattice mismatch.

The film growth and crystal quality was studied through HRTEM analysis of several cross-section
lamellae cut along one of the main [100] directions of the pseudo-cubic substrate. For 40 nm thick
GBCO/STO (Fig. 2a), a clear contrast between horizontal rows with high and low brightness dots forming
a sequence every two perovskite blocks along the vertical direction is observed. This is an indication of
perovskite cell doubling along crystallographic c-axis, which corresponds to the alternate GdO and BaO
sequence. This is further evident from the appearance of half order reflections parallel to [001]*, (vertical
direction) marked with arrows, in the selected area electron diffraction (SAED) as shown in Fig 2b, which

further demonstrates pure ¢ -axis orientation.

Fig. 2c depicts the HRTEM image of GBCO/LSAT in [100] zone axis. A clear contrast in the bright
and dark dots is visible in both horizontal and vertical direction, which indicates the coexistence of domains
with different crystallographic ¢ and ¢, orientations. This image also shows other regions without doubling.
These could either correspond to a single perovskite or more likely to double perovskite domains with ¢ -
axis orientation perpendicular to the plane of the image. There are not sharp grain boundaries between
domains. Instead, there is a compact arrangement of the domains of different orientations. Therefore, the
domains of mixed orientations seem to be strained in all directions. The cation ordering is further evident
from the SAED image (Fig. 2d), where the half order-reflections can be observed in both horizontal and

vertical direction.

Fig. 2e corresponds to the cross-section HRTEM of GBCO/LAO. It shows perfectly epitaxial
arrangement. In this case, regions with doubling and no doubling were observed. A clear contrast in the
bright and dark spots is visible in the horizontal direction. Domains with no double periodicity can be
referred to as the domains with ¢-axis perpendicular to the plane of image. This is also evident from SAED
(Fig. 2f), which indicates that all domains show ¢-axis parallel to the surface of substrate, either parallel or

perpendicular to the cross-section image. No trace of the ¢,-axis domains was observed in this case.
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Therefore, the HRTEM and SAED study of the GBCO films on different substrates provide an
experimental validation of the preferred growth directions expected from simple lattice mismatch

calculations on Table 1.

[001]* : [001]*

L. [100]* L» [100]*

Fig. 2 Nanoscale characterization of GdBaCo0,0ss5 (GBCO) thin films. High-resolution transmission
electron microscopy (HRTEM) observation of 40 nm thick GBCO films cross-sections. a) Perfect epitaxial
arrangement of the GBCO film with STO substrates. Perovskite doubling is evident from the clear contrast
between sequential horizontal atomic rows along the vertical direction indicating a pure c,-orientation. b)
Perovskite doubling of GBCO/STO is also clear in the selected area electron diffraction (SAED) pattern
with half order reflections indicated with arrows along the vertical [001]* direction. ¢) Perovskite doubling
in GBCO/LSAT in parallel and perpendicular directions to the substrate was observed. Some domains are
perpendicular to the plane of the paper. d) Half order reflections in parallel and perpendicular directions are
also evident from SAED pattern. e) Cross-section HRTEM of GBCO/LAO film. Film is also perfectly
epitaxial. A region with clear doubling is observed showing a contrast between bright and dark atomic

columns along the horizontal direction (right part of the image). A region with no doubling is also observed
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(left part of the image) corresponding to c-axis perpendicular to the image. f) c-axis doubling parallel to the

substrate surface is also evident from SAED indicating pure ¢j- orientation of the film.

In order to further study the crystallographic orientations and relative strains in the thin films, we
performed X-ray diffraction (XRD) and high-resolution reciprocal space mapping (RSM). Fig. 3a depicts
the standard 26-w scans of 25 ( + 2) nm of the GBCO films grown on STO, LSAT and LAO substrates. The
XRD patterns of GBCO/STO shows only reflections, which can be indexed to 00/ indices, which indicates
a growth orientation along c,-axis. The double perovskite nature of the films i.e., the cation ordering, is
evident from the appearance of both odd- (half-order reflections for a primitive cubic perovskite) and even
symmetric 00/ reflections. This result is in agreement with the HRTEM and SAED observations. Reciprocal
space map (RSM) around -303 reflection (Fig. 3b) shows that the film is fully strained in-plane with the
STO substrate. The calculated in-plane and out-of-plane parameters are 3.905 and 3.780 A, respectively.
This produces an average +0.18% tensile in-plane strain and -0.15% compressive strain along out-of-plane

direction, with an overall +0.21% increase in unit cell volume (see Table S2, in ESI).

The XRD pattern of GBCO/LSAT shows (Fig. 3a) the odd 00/ reflections from film, while the even
00/ reflections overlap with substrate reflections. On the other hand, RSM around -303 reflections (Fig. 3¢)
shows that the film reflections almost fully overlap with the substrate reflection. Thus, the in-plane and out-
of-plane cell parameters of GBCO film seem to be very close to that of LSAT, forming an almost cubic-
like unit cell (cell parameters a, b/2, ¢/2 ~3.870 A). The macroscopic average cell parameters obtained by
XRD are in agreement with the microscopic HRTEM observation (see Fig. 2¢) where the domains of mixed
orientations are locally strained in all directions to match to each other. The compact arrangement of

domains of different orientations results in +0.76% increase of the unit cell volume (see Table S3, ESI).

The standard 26-o pattern of GBCO/LAO (Fig. 3a) shows the appearance of peaks at similar positions
of odd- and even reflections of ¢, as in the GBCO/STO case, which is contrary to the HRTEM and SAED
study (Fig. 2e-f), where pure ¢ domains were observed. If one assumes that the XRD average measurement
corresponds to ¢, -domains the calculated in-plane strain on LAO would be -2.8% (average between a and
b/2), which is surprisingly large. The lack of observation of ¢, -axis oriented domains in the HRTEM cross-
sections points instead towards b,-axis orientation, with full in-plane matching with LAO substrate, as
inferred from the RSM in Fig. 3d. This corresponds to an average in-plane compressive strain of -0.88%,
and -0.89% reduction of the unit cell volume (see details in Table S4, ESI). The observation of odd
reflections in the perpendicular direction should then come from the fact that the structure is submitted to

a large compressive strain, and could be accompanied by important structural changes with the
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displacement of the cation positions, so that the b-axis doubling is considerably enhanced and could be
observed by XRD. In fact, the measured out-of-plane parameter (3.9687 A, see Fig. 3e) is much larger than
bulk b/2 (= 3.934 A) parameter.

(a) | | o
* N <
— 18 = g 3
. o
> N . ()
j GBCO/STO
\g« * 81 o«
> | 8 7S 2 2
b= N (mixed ¢, + ¢|)
n VAN
c GBCO/LSAT
[(P]
+
E b, (cy)
GBCO/LAO
10 20 30 40 50 60
26 (°)
(b) 0,62 (c) (d)
-303 GBCO ;
0,611 ¢/ L i
i 0,60 L | \ |
o & -303 GBCO ’ :
0,591 3 r -303 LSAT H
[ ™03 SITIO, A _bJ_ (CH)
0,58+ L L
, N
€L CJ_+ C|| $ -103 GBCO
0,57 : ‘ ‘ ‘ | | |
-0,60 -0,58 -0,60 -0,58 021 020 -0.19
Q, (rlv) Q, (rlu) 0. (sl
(e) 40 ‘ (f)
GBCO/LAO: b, (c H)
° ~~__ Orthorhombic LAO ] = LSAT .
bl2 >>a ] e~ I l
2 I CE
g GBCO/LSAT ° s |
E (c,tc H) I
o a=bl2=c/2
‘é cubic STO — .
&+ 3.84 J .
3 < _& D
o GBCO/STO: ¢ V( L\[ # XJ””
a=b/2>cl2 SN
tetragonal
3.7 \ :
3.7 3.8 39 4.0

In-plane (A)


https://doi.org/10.1039/d0ta04781c

Fig. 3 X-ray characterization of GBCO films with same thickness (25 nm) grown on 001 oriented STO,
LSAT and LAO substrates. a) Standard 20/® scans of GBCO thin films. Both odd and even-symmetric
reflections were observed for all films. b-d) X-ray RSMs around -303, -303 and -103 reflections of STO,
LSAT and LAO substrates respectively. ¢) Measured in-plane and out-of-plane cell parameters from the
RSMs. f) The sketches show a 3D view and a-b plane of GBCO domains indicating the distortions (blue
lines) with respect to bulk GBCO (white lines). The blue arrows correspond to the direction of the c-axis.
Note that in-plane matching on STO turns GBCO into a tetragonal structure, while it is almost cubic on

LSAT and orthorhombic on LAO.

Figure 3e-f depict the in-plane and out-of-plane cell parameters measured from the RSMs and sketches
the cell distortions obtained on the three different substrates, respectively. In summary, on STO, GBCO
domains grow c,-oriented with an in-plane tetragonal structure (a parameter expands while b shortens, so
a = b/2 > ¢/2) producing an overall in-plane tensile strain. On LSAT, the structure is pseudo-cubic with
mixed oriented domains, a = b/2 = ¢/2; while on LAO, the overall in-plane compression of the a-c plane
produces an extension of the b,-axis in the out-of-plane direction, with b/2 >> a, ¢/2, as well as a larger

orthorhombic distortion of the a-b plane.
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Fig. 4 Thermoelectric transport properties of GBCO thin films grown on STO, LSAT and LAO substrates.
a-c) Temperature dependence of electrical resistivity of 25 (£2) nm GBCO/STO, GBCO/LSAT and
GBCO/LAO films, respectively. d-f) Temperature dependence of thermopower of GBCO/STO,

10


https://doi.org/10.1039/d0ta04781c

GBCO/LSAT and GBCO/LAO films, respectively. GBCO/STO films shows positive thermopower
throughout the temperature range of measurement, while GBCO/LSAT and GBCO/LAO shows change of

sign of thermopower from negative to a positive one with increasing temperature.

The electrical resistivity (p) and Seebeck coefficient (S) of these 25 nm (+2) GBCO films were
measured at different temperatures as depicted in Fig. 4. Concerning resistivity, films showed similar
magnitude and thermally activated behavior i.e., the p dropped exponentially with increasing temperature
from 100 to 300 K (see Fig. 4a-c). The drop of p is almost five-order of magnitude: from 10° to 5 x 102
Q.cm in this temperature range. Surprisingly, despite the fact that the films correspond to different
orientations, either c,-, mixed-oriented, or b,-(or ¢|-) oriented, on STO, LSAT and LAO, respectively, their
in-plane p did not show any remarkable difference neither in magnitude nor in their temperature
dependence, which is an indication of the poor intrinsic anisotropy and null role of grain boundaries in

charge transport.

Although, it showed thermal activation-like behavior, the whole range of p-T cannot be fit either with
Arrhenius model or small polaron hopping model (see Fig. S2a-b, ESI). Better fits were obtained when
variable range hopping (VRH) model was implemented?} and dimension of the VRH hopping varied from
3.2 to 3.8 (see Fig. S3, ESI). This type of conduction is typically exhibited by disordered systems, where
charge carriers move by hoping between localized electronic states. However, no conclusive information

about the conduction mechanism of charge carriers can be drawn from the p-T curve.

However, very different behavior is observed in the Seebeck coefficient, as shown in Fig. 4 d-f.
GBCO/STO (Fig. 4d) shows large and positive $= +138 pV/K at 230 K, decreasing with temperature, as

expected for a p-type semiconductor.

On the other hand, GBCO/LSAT (Fig. 4¢) showed a negative S =-20 uV/K at 210 K, which increases
with temperature and crosses to positive values at T= 240 K, and further increases up to S ~ +15 pV/K at

290 K.

Finally, GBCO/LAO (Fig. 4f) showed a large negative S~ -150 uV/K at 180 K, which increased steeply
to almost zero when temperature increased from 180 to 210 K. The S remained almost temperature
independent from 220 to 290 K, close to ~ +25 uV/K. This dependence is very similar to that reported for
single-crystal GBCO with a slight oxygen deficiency ( turning the material into n-type with 4% of excess

electrons)!® 1 24 reaching a comparable constant value at high temperatures (values also included in Fig.

41).
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Such variation of S, in sign and temperature dependence, for the different cases while maintaining a
constant resistivity is quite distinct to that of a typical semiconducting (or band gap) material where p(T)
and S(T) are expected to follow a similar trend, and indicates the more subtle nature of electron-phonon

interactions in transition metal oxides.

A complete explanation of the Seebeck coefficient dependence would require a deep knowledge of the
Co ions spin distribution and magnetic phases for such complex Co-oxide, already described for bulk
material'®, but not known for strained structures. A qualitative comparison with p and S dependence
reported in GdBaCo,0:s 545 single crystals!® indicate some similarities. In bulk crystals at low temperatures
(T = 100K) a very small deviation in stoichiometry from nominal & = 0 causes a huge change in S, from
about S~ -700 uV/K at 6 =-0.01, to S~ +400-600 pV/K at & = +0.01. While resistivity at 7= 100K varies
less than one order of magnitude in this stoichiometry range & = £0.01, and becomes even less pronounced
at higher temperatures. In this sense the variations observed in our films on different substrates point
towards the same trend of a major contribution to the Seebeck coefficient variations due to subtle changes
in film oxygen stoichiometry. The film on STO, which showed a large positive S value, would then
correspond to p-type GBCO with a stoichiometry 5.5+8, with a certain concentration of Co*" ions from
nominal Co*" at 6=0, while on LAO it would correspond to 5.5-8, with a concentration Co?" ions. The
LSAT case with a small negative S value at low temperatures may correspond to an intermediary situation
with 8 close to zero, close to nominal Co**. At this point, it is not yet possible to offer a quantitative measure

of & values.

To support this correlation the behavior of Seebeck coefficient in the so-called “high temperature” limit

offers some insights to the explanation of the observed differences.

At high temperature, the thermoelectric power of the films approach (or can be extrapolated to) a fairly
constant value. In this regime, thermopower is expected to be governed by the statistical distribution of
charge carriers over available sites i.e., the configurational entropy. The magnitude of S in this limit is

typically quantified by the Heike’s equation®s:

S=— ?ln(lfx), )

with x being the concentration of holes and x3 and e are Boltzmann constant and elementary charge of
electron, respectively. GBCO film on LAO (submitted to compressive strain) shows at high-7 a value of S
~+23 nV/K, which could be attributed to an oxygen deficiency (GdBaCo,0s 55, 0=0.08). For single-crystal
GBCO S = +13 uV/K (values included in Fig. 4f along with film on LAQO), which has been reported to
correspond to a slight oxygen deficiency (GdBaCo0,05 5.5, 8~0.04).'%: 19 24 For GBCO/LSAT, there is also a
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crossing from negative to positive value, but S did not yet reach the constant temperature independent value
at the maximum temperature of the measurement (room temperature), but a rough extrapolation predicts
that it will stabilize at positive values, around +20-30 uV/K at high enough temperature, similar to that on

LAO, so a slight oxygen deficiency is also foreseen in this case.

Similarly, for GBCO/STO, S is still far from being constant at room temperature, but again, fitting the
data to an exponential function predicts a S = 0 or slightly negative at sufficiently high temperature, pointing

towards a very slight oxygen excess, leading to hole conduction.

Therefore, both low and high temperature S values in GBCO epitaxial thin films grown on different
substrates seem to indicate that the most probable contribution to the observed variations corresponds to a

slight change in oxygen stoichiometry.

Although, a possible cation composition deviation cannot be ruled out. For this purpose, EELS analysis
was performed on the film cross sections (Fig. S4. ESI). Unfortunately, the overlap between Co L and Ba
M lines prevented to carry out any quantitative analysis of Ba/Co composition, as well as of the Co oxidation
state.?627-28 Qualitatively, there are no substantial differences in the EELS profiles between films, which
indicates that there are no large deviations in cation composition. EDX experiments (see Fig. S5 and Table
S1, ESI), on the other hand, also suggest that Gd/Ba ratio is constant for all the films and, only a slightly
lower amount of Co is observed in GBCO/STO film.

It is already well established that spontaneous generation of oxygen vacancies can occur in transition
metal oxide thin films as a mechanism to accommodate the epitaxial strain imposed by the substrate.?-** In
standard perovskites with diluted and disordered oxygen vacancies a tensile strain reduces the oxygen
vacancy formation energy to accommodate a larger concentration of oxygen vacancies.’® This results from
the change in the oxidation state of transition metal oxide, increasing its cation radius, which makes the cell
volume to expand when increasing oxygen vacancy concentration.’! However, GdBaCo0,0s 5.5 behaves in
an opposed way and increases cell volume when increasing oxygen content,* resulting from a complex
compensation of the expansions of individual BaCo,05 and GdOj; blocks in the structure.’ If we look at
the cell volume changes in the deposited films with respect to reported bulk structure for GdBaCo,0:s 5
nominal stoichiometry (Tables S2, S3 and S4, ESI) there is a +0.21% increase on STO, +0.76% on LSAT,
and -0.89% reduction on LAO. Concentrating in the films with a dominant single orientation, ¢;on STO
and ¢, on LAO, the cell volume would induce an increase (3>0) or a decrease (6<0) in oxygen concentration
from nominal GBCOs s, which is consistent with the positive and negative S values measured for those

films.
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Following the same reasoning, on LSAT the large cell volume increase (in fact almost four times larger
than on STO) would induce a positive S value, while the measurement indicates a negative value. Whether
there are additional contributions to the S dependence related to the differences in microstructure cannot be
ruled out in this study. Note that pure c,-oriented films grown on STO do not show important grain
boundaries, other than possible mixed @ and b in the plane of the sample, while both mixed (c, + ¢))-
oriented films (on LSAT) and pure c-oriented films (on LAO) have domains where the corresponding c-
axes form 90°. As previously observed in the comparison of films resistivity the electronic transport through
these boundaries does not affect the overall behavior. However, phonon transport, which is known in
general to be considerably affected by the presence of boundaries, may contribute to the changes in S
coefficient, particularly in the film on LSAT. Although this fact is not unambiguously proven in this study,

it deserves a further study but was out from the scope of the present work.

Another possible explanation for the changes in oxygen stoichiometry of the films could be related to
the distortions in the a-b plane of the GBCO structure induced by strain, i.e. the degree of orthorhombicity.
When looking at Fig. 3f, one observes that a-b plane in ¢, - oriented film on STO is strained to a tetragonal
structure with a=b/2, while on LAO the distortion goes in the sense of increasing the difference between a
and b/2. In the reported a and b/2 values for single crystal GBCOs 5.5 for different oxygen stoichiometry?*
the value of 5/2 reduces with increasing o, while a increases, in the vicinity of the nominal stoichiometry
6=0, within the region of orthorhombic Pmmm structure. That means the difference between a and b/2 is
reduced when increasing oxygen content. This will agree with our assumption that oxygen content increases
on STO, while reduces on LAO, in agreement with the observed variations in the sign of S coefficient at
low temperatures. Again, on LSAT the film domains presumably stained to a cubic structure, will increase
oxygen stoichiometry resulting in a positive S coefficient, contrary to the observed negative value. As
commented before in this case the complex microstructure and large local strains could results in a

completely different situation.

It is clear from the above discussion that GBCO films on different substrates have a variety of
tunable parameters such as films orientation, strain, microstructure, spin states of cobalt ions, and oxygen
vacancies. All of these parameters might influence the thermoelectric properties of thin films and hence,
the interpretation on the origin of variable thermopower of GBCO films is a delicate issue. However, based
on the experimental evidences in this work, we argue that the anisotropy of the charge transport properties
is not significant, while the subtle variations of oxygen stoichiometry accompanying film strain lead to the

variation of the temperature dependence and sign of thermopower.
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Summary
In summary, control on growth orientation of high quality GBCO thin films was achieved by epitaxial strain

engineering. The thermoelectric power in these systems shows a change from p-to-n type depending on
whether a compressive or a tensile stress is applied, which is related to the adapting oxygen stoichiometry
to partially release the strain imposed by the substrate. This is an important result from the point of view of
thermoelectric properties, as n/p type response can be attained in the same material by adjusting the
substrate mismatch. We propose that the spontaneous generation of oxygen vacancies to accommodate cell
volume changes, as well as the particular orthorhombicity of a-b plane, is responsible of this interesting

behavior.
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Oxygen stoichiometry, 3, in epitaxial GdBaCo,0s 5.5 thin films varies to accommodate the strain, which
substantially affects its thermoelectric properties, bringing the material from p-type (tensile strain c¢;

oriented on STO) to n-type thermopower (compressive strain b, on LAO).
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