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Ca;Co409 has a unique structure that leads to exceptionally high thermoelectric transport. Here we

report the achievement of a 27% increase in the room-temperature in-plane Seebeck coefficient of
Ca;Co40y thin films. We combine aberration-corrected Z-contrast imaging, atomic-column resolved
electron energy-loss spectroscopy, and density-functional calculations to show that the increase is caused
by stacking faults with Co*"-ions in a higher spin state compared to that of bulk Ca;Co40,. The higher
Seebeck coefficient makes the Ca;Co,Oq system suitable for many high temperature waste-heat-recovery

applications.
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Thermoelectric (TE) materials have attracted increasing
attention over the last two decades, when theoretical
predictions suggested that the TE efficiency could be
enhanced through nanostructural engineering, which led
to experimental studies demonstrating proof-of-principle
high-efficiency materials [1]. Initially, complex bulk ma-
terials were found to exhibit high TE efficiencies [2-4],
followed by nanostructured Bi,Te;-Bi,Se; superlattices
which showed a TE figure of merit (z7') in excess of 2 at
room temperature [5].

The focus of research on TE devices has since shifted
primarily to nanostructures, such as quantum dots, super-
lattices, or nanowires. However, many of these systems are
unstable at high temperatures and toxic. They are also
difficult and expensive to synthesize for large-scale appli-
cations. Layered complex oxides such as Ca;Co,0q ex-
hibit large in-plane TE transport behavior, are stable at
high temperatures, and contain mostly cheap and nontoxic
elements.

Ca3Co40y is an incommensurately layered oxide, con-
sisting of two separate subsystems, CoO, and Ca,Co0O;,
each fulfilling a different role in achieving remarkably high
TE properties at room and elevated temperature. Along the
c-axis of Ca;Co,0y, Cdl,-type CoO, layers are separated
by a triple-layer of insulating rocksalt-type Ca,CoOs. The
Co0, acts as the highly conductive hole-doped electron
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PACS numbers: 72.20.Pa, 68.37.Lp, 75.50.Pp, 79.20.Uv

crystal. The insulating Ca,CoO; acts as the phonon-glass
and charge reservoir layers.

The high Seebeck coefficient in Ca;Co,Oqy has been
attributed to a number of different mechanisms, including
the occurrence of a mixed-valence state in the CoO, layer
[6], or the increased entropy of the localized electrons in
the degenerated cobalt 3d states [7]. Several studies have
suggested that varying the compressive strain on the CoO,
subsystem could provide a viable path to further increase
the Seebeck coefficient, S, in Cay;Co40Oq9 [8—10]. There
appear to be two ways of exerting further compressive
strain on the CoO, subsystem, by doping the rocksalt
layers or by epitaxial thin-film growth on lattice mis-
matched substrates. While there is a large number of
doping studies showing moderate increases in either the
Seebeck coefficient or the electrical conductivity of bulk
Ca;Co,40y (see, for example, Refs. [11,12]), detailed thin
film studies [13] have shown that pristine Ca;Co,0q films
grow largely unstrained on a variety of oxide substrates and
do not exhibit any significant increase in the in-plane
Seebeck coefficient. Furthermore, an in-depth survey of
the published literature reveals that the Seebeck coefficient
of pristine bulk Ca;Co,0y is limited to S, = 135 uV/K
at room temperature (see, for example, [14]), suggesting
the presence of a fundamental limit to further increasing
the thermoelectric properties of layered cobalt oxides.
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In this Letter, we demonstrate that controlling the defect
structure in Ca3Co,40q thin films can hold the key to further
increasing the Seebeck coefficient. By synthesizing highly
textured Ca3;Co,0q films with a large concentration of
Co0, stacking faults, we are able to increase the in-plane
Seebeck coefficient from Sy = 135 wV/K, in bulk, to
Stim = 180 wV/K in thin Ca3;Co,0, films at room tem-
perature, while maintaining an electrical resistivity of
10.5 £ 0.5 mQ cm [see insert in Fig. 1(a)]. We attribute
the large concentration of stacking faults to the rapid
growth dynamics and the reduced thickness of the films.
Using a combination of atomically-resolved Z-contrast
imaging and electron energy-loss spectroscopy (EELS) in
aberration-corrected scanning transmission electron mi-
croscopy (STEM), and first-principles calculations, we
show that the high Seebeck coefficient in Caz;Co040q
thin films on SrTiO; [001] is due to the presence of
Co0, stacking faults, which stabilize the transition of
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FIG. 1 (color online). (a) Seebeck coefficients for thin film and
bulk Ca;Co40y. Insert: In-plane electrical resistivity as a func-
tion of temperature 7. (b) Calculated Seebeck coefficients using
Eq. (1) for different spin states as a function of cobalt valence in
the CoO, layers. The dashed line shows the Co** concentration
found in the CoQO, layers.

Co**-ions from a low spin-state in bulk Ca;Co,Oq to an
intermediate spin in the thin films at room temperature and
above.

Figure 1(a) shows the in-plane Seebeck coefficient in
the temperature range between 10 K and 400 K of the
nominally 40 nm thick Ca;Co,40y films on SrTiO; and of
highly textured Ca;Co,0Oq bulk. For temperatures 25 K, we
find a significant increase in the Seebeck coefficient with
decreasing temperature as previously reported by Tang
et al. [15] In the low temperature regime above 25 K,
both samples show the typical linear dependence of the
Seebeck coefficient with temperature, suggesting a Fermi-
liquid behavior [16]. When plotting the Seebeck coeffi-
cient as a function of the normalized Fermi temperature, as
suggested by Limette et al. [16], we find that the bulk and
thin film Ca;Co409 exhibit the same linear temperature
dependence of the Seebeck coefficient (see Supplemental
Materials Fig. S2 [17]).

At temperatures higher than 200 K, the in-plane Seebeck
coefficient reaches a plateau. However, the value of the
Seebeck coefficient in this regime is significantly higher in
the Ca;Co40y thin films compared to any reported bulk
Ca3Co0,4049 values. The high-temperature behavior of the
Seebeck coefficient in Ca;Co4Oq is governed by the

Heikes formula,
k 1-—
§=_8 1n(g3_+ x)y (1)

where x is the Co*" concentration, g5, and g, are the
orbital degeneracy of Co’* and Co** in the CoO,-layers.
We have previously shown that the CoO,-layers in bulk
Ca3Co40y are highly hole-doped, resulting in a mixed Co
valence state with x = 0.5 [18].

Figure 1(b) shows the calculated Seebeck coefficient
using Eq. (1) for different Co** and Co** spin states,
including the Co’* low spin state (LS, 15,¢9), the Co**
intermediate-spin state (IS, 73, ¢,), the Co’* high-spin state
(HS, t‘z‘gef,), as well as the Co*" low-spin state (LS, tggeg)
and Co*" intermediate-spin state (IS, 73, ;). It is generally
accepted that both the Co’" and Co**-ions in the
Co0,-layers are in the low spin state for undoped bulk,
thereby imposing an upper limit on the Seebeck coefficient
for x = 0.5 of § = 154 wV/K, as widely observed experi-
mentally at room temperature. Our measured value of the
in-plane Seebeck coefficient of Sy, = 135 uV/K is
therefore very close to this limit, yet the measured
Seebeck coefficient in the thin film, Sg, = 180 wV/K,
cannot be explained using this model, or any modified
version, such as the one proposed by Pollet et al. [19].
We believe that the increase in the Seebeck coefficient will
also be observed at temperatures higher than 400 K.

The increase in the Co*"-ion spin state results in a
larger contribution to the Seebeck coefficient as shown in
Fig. 1, with a new upper limit of S,,,, = 275 wV/K. The
result suggests that stacking faults within the incommen-
surably layered Ca;Co,0 provide a significant fraction
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of Co*"-ions in the intermediate-spin state to the
Co0,-layers.

Figures 2(a) and 2(b) show atomic-resolution Z-contrast
images of the Ca;Co40q thin-film on SrTiO5. Our imaging
study shows that the average film thickness is 30 nm. Some
regions of the image show Ca;Co4Og along the [110]
direction, with the Ca,CoO; layer exhibiting the usual
trilayer structure [see Fig. 2(d)], while in other areas the
structure appears to be rotated out of the zone-axis
orientation. Such interlayer rotation along the c-direction
has not been observed in any of the previously analyzed
Ca;Co0,40y thin films deposited on either SrTiO; LaAlOs,
or (La0,3Sr0.7)(A10.65Ta0.35)O3 [13] In addition to this
in-plane rotation, the images also show stacking faults in
the form of double CoO, layers. The influence of stacking
faults, which are found on average every 10 unit-cell in the
thin film, and the effects of the interlayer rotation on the
thermoelectric transport properties will be discussed next.

Two-dimensional atomically-resolved EEL spectrum
images (SI) were acquired from the thin films, and the
Co L, ;-ratio was used to determine the doping concentra-
tion in the CoO,-layers in bulk Ca;Co,0y [18,20]. Similar
to bulk, we find that the Co valence in the CoO,-layers of
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the thin films is 3.5 = 0.1 [see insert in Fig. 2(c) and
Supplemental Materials Fig. S3 [17]]. No change in the
Co valence in the CoO, stacking faults or the CoO, layers
between two rotated Ca,CoQj5 layers can be detected. This
suggests that neither one of these structural defects has any
influence on the doping (or mobile hole concentration) in
the CoO, layers.

Figures 2(e) and 2(f) show the O K-edge taken from the
Co0, and the Ca,Co0O; layers, as well as the CoO, stack-
ing faults. The O K-edge for all positions shows a strong
prepeak centered at 533 eV and split into two distinct
peaks, which stem from transitions into the hybridized
Co 3d 15, and e, orbitals. This feature is followed by a
shoulder located about 10 eV above the edge onset, which
is due to transitions from the O 2p to the Ca 4s orbitals.

As can be seen in Figs. 2(e) and 2(f) the O K-edge
prepeak has the lowest intensity in the CoO columns
in middle of the Ca,CoQOs-layer, but shows the strongest
intensity in the shoulder 10 eV above the edge onset.
This can be explained by the lower Co valence and
the stronger bonding between CaO and CoO in the
Ca,Co0;-layer. The O K-edge prepeak in the CoO, layer
shows a distinct increase due to the higher Co valence
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(e)

Z-contrast image of Ca3;Co,0y-thin film along the [110], (a) low-magnification image showing several

stacking faults (indicated by arrow) and Ca;Co,Oq layers with interlayer rotation, (b) enlarged view of (a). (c) Bulk Ca;Co40q [110]
without any stacking faults or interlayer rotation. Insert: Comparison of the Co L-edge taken from bulk Ca;Co,Oq and the thin film.
(d) ball-and-stick model of Ca;Co40q [110]. (e) EEL spectra from the different layers. Spectra are offset vertically to emphasize the
changes in fine structure. (f) Enlarged prepeak intensity without vertical offset.
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and the presence of mobile holes in the CoO,x layers
[18,20]. The intensity of the two prepeaks is still very
similar, but the second peak appears to have shifted
approximately 0.4 eV towards lower energy compared to
the Ca,CoOs-layer. The O K-edge spectra obtained from
the CoO, stacking faults show a further increase in the
prepeak intensity.

The spectra taken from the Co and O atomic columns
within the stacking fault show an increase in the peak
located at 533.9 eV, while the intensity ratio between the
two prepeaks is significantly different for each position.
The intensity ratio between the first and second prepeak in
the CoO, layers is 0.95, this ratio drops to 0.72 and 0.85
for the Co and O atomic columns in the stacking fault,
respectively. We notice that the Co L-edge and O K-edge
taken from CoO,-layers at the boundary between two ro-
tated Ca;Co,0y layers does not show any significant dif-
ference compared to CazCosOy bulk (Supplemental
Materials Fig. S3 [17]).

To further understand the reason for the higher prepeak
intensity in the CoO, stacking faults and its influence on
the thermoelectric transport properties, we study the pos-
sible mechanisms that give rise to the observed changes in
the O K-edge prepeak intensity. It was previously reported
that the O K-edge prepeak intensity is a sensitive measure
of the Co®" spin state in cubic perovskite system [21], and
the splitting of the O K-edge prepeak stems from the
Ligand-field splitting of hybridized Co 3d orbitals into
1y, and e,. Since the spectra for Co** do not exhibit any
splitting of the O K-edge prepeak [22], the changes in the
O K-edge prepeak intensity could either indicate either an
increased Co valence state or a higher spin state of the
Co** ions in the CoO, stacking faults.

As we have shown earlier, the Co valence state remains
unchanged in the CoO, stacking faults, and an increased
concentration of Co** ions would also result in an overall
decrease in the Seebeck coefficient [see Fig. 1(b)]. We
therefore propose that the increase in the O K-edge prepeak
intensity stems from a different occupancy of the Co** lhg
and e < orbitals, as the result of an increased spin state of the
Co**-ions. Such a spin-state transition can explain the
observed increase in the in-plane Seebeck coefficient, since
the combination of Co*"-ions in the low spin state and
Co**-ions in the intermediate spin state will result in a
significantly higher Seebeck coefficient. It was previously
suggested that such a spin-state transition occurs at 420 K in
bulk Ca;Co40q and is responsible for the observed changes
in electrical resistivity and the increasing Seebeck coeffi-
cient above 420 K [20,23]. Earlier calculations by Landron
et al. [24] have shown that the orbital degeneracy of the
Co** ions in CoO, strongly depends on the Co-O bond-
angle, which is directly correlated to the energy of the a;,
and e}, orbitals. Therefore, an alternative explanation for the
measured increase in the Seebeck coefficient could be that
the introduction of extra layers in the stacking fault will
distort the CoO, octahedra and thereby impact the filling

and the relative positions of these orbitals. Consequently,
the spin degeneracy of the Co** ions is increased, resulting
in an increasing Seebeck coefficient. Such a model does not,
however, explain the observed increase in the O K-edge
prepeak intensity, since changing the occupancy of the a;,
and e}, orbitals should only change the shape, but not the
overall intensity of the O K-edge prepeak.

To further explore the observed changes in the near-edge
fine-structure of the O K-edge, first-principles density
functional theory (DFT) calculations were performed on
an approximated unit-cell for Ca;Co40O4. The incommen-
surate structure was modeled with a 66 atom cell [25]. The
electronic structure was then calculated using the
projector-augmented wave method and the generalized
gradient approximation.

The calculated fine-structure of the CoO layers [Fig. 3(a)]
reproduces the experimentally observed prepeak splitting.
Furthermore, by comparing the experimental prepeak in-
tensity ratio with the calculated spectra, we find that the
O K-edge prepeak in the CoO layer mostly represents the
in-plane Co-O bonding (i.e., p, and p,), with a measured
energy difference between the peaks, Ad = 1.3 eV, close
to the calculated value of 0.9 eV. For the CoO, layer, the
splitting is again reproduced by the calculations, but the
modeled Ad is smaller than in the CoO layer. The predicted
shift of the prepeak intensity in the CoO, layers was not,
however, observed experimentally, which is attributed to
the limitations of using a small, approximate unit cell in our
calculations.

As expected, the out-of-plane (i.e., p,) Co-O bonding
is significantly enhanced in the CoO, layers, represented
by the high intensity peak located at 532.6 eV in the
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FIG. 3 (color online). Calculated O K-edge spectra for (a) the
Ca,Co05 and (b) the CoO, layers.
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experimental spectra, while the peak at 533.9 eV is attrib-
uted to the in-plane (p,, p,) Co-O bonding. The observed
changes in the prepeak intensity ratio within the CoO,
stacking faults, in particular, the increased intensity of
the second prepeak, appear to stem from additional con-
tributions of the p, and p, states. The higher intensity of
the first prepeak in the O columns compared to the Co
columns in the stacking fault is attributed to a higher
concentration of p, states. This increase in the density of
p, states could be attributed to an increased strain in the
stacking fault or a difference in the interlayer bonding due
to the presence of two CoO, layers. We have previously
shown that the first O K-edge prepeak in the experimental
data [Fig. 2(f)] stems from transitions into the Co 1,,
orbitals which correspond to the lowest energy empty
states above E; shown in our DFT calculations, i.e., the
p, states [Fig. 3(b)]. We can, therefore, directly relate the
measured changes in the O K-edge prepeak intensities to
the increased density of empty Co** 1, states as the result
of a Co*" spin-state transition.

In summary, we have shown that thin Ca;Co,40q films
grown on SrTiO; exhibit a significant increase in the
Seebeck coefficient, while the electrical resistivity remains
at bulk levels. We attribute the higher Seebeck coefficient
to CoO, stacking faults present throughout the film, which
stabilize the Co*"-ions in an intermediate spin state, as
opposed to the low spin state found in bulk Ca;Co,Oq at
room temperature. While stacking faults generally de-
crease the electrical conductivity, in Ca;Co,Oy the pres-
ence of CoO, stacking faults does not decrease the
electrical in-plane conductivity. We attribute this to the
fact that the CoO, layers exhibit in-plane p-type conduc-
tivity. An increased concentration will not result in a
decreased in-plane conductivity. We suggest that future
defect or strain engineering, in particular, the stabilization
of additional CoO, stacking faults will result in an even
higher Seebeck coefficient at room and elevated tempera-
tures, with an upper limit of S, = 280 uV/K. In
addition, we expect that the stacking faults will also
contribute to reducing the overall thermal conductivity.
Such an improvement in the Seebeck coefficient, while
maintaining a low electrical resistivity and thermal con-
ductivity, will allow for a significant increase in z7 at
temperatures up to 1000 K, thereby making Ca3;Co40q
the ideal material for many high temperature waste heat-
recovery applications.
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