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Thermoelectric anisotropy and texture of intercalated TiS,
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This study addresses the effect of anisotropy on the electrical and thermal properties of Cu,TiS,
compounds. We show that the anisotropy of the electrical resistivity (¢ oss-piane/ Pin-piane > 1) tends
to be reduced as the covalent character along c is increased with the Cu content. For all x values
(x<0.1), the absolute value of S is always found to be higher in-plane than in the cross-plane
direction due to band structure anisotropy, leading to higher in-plane power factor values.
Interestingly, the K;,,_piane/Keross-piane thermal conductivity ratio, with values similar to the only data
reported for TiS, crystals, are always higher than p,oss-piane/ Pin-piane- This anisotropy relation leads
to equivalent zT values for the in-plane and cross-plane directions, reaching 0.35-0.5 at 800 K.
Published by AIP Publishing. https://doi.org/10.1063/1.4998952

In thermoelectric (TE) materials, anisotropic structures
can be essential as in Bi,Tes, a long-known TE material with
the highest figure of merit zT' (:SZ/pK, where S, p, and x are
the Seebeck coefficient, electrical resistivity, and thermal
conductivity, respectively) in the T region from room tem-
perature to about 400 K. For the latter, the properties anisot-
ropy is driven by the Te-Te van der Waals interactions along
the direction of the atomic layer stacking (c axis). The S val-
ues, in-plane (ab) and cross-plane (c), being rather similar,
the higher in-plane zT (ab plane) than along c¢ results mostly
from the difference in the anisotropies of p and x:' as
Pl Pap > Kap/icc then pe.k. > pap.Kap, €xplaining why 277, ,iane
is higher. TiS, is another 2D TE material, the power factor
(PF = 5°/p) measured at 300K in single crystals is equiva-
lent to that of optimized BizTe3.4 However, its
TE performances are limited by its too high in-plane x
(k =Kz + Kz, where k,; and ;. are for the electronic and lat-
tice part of x, respectively). Up until now, several routes have
been shown to be efficient to reduce x;. as (self) intercalation
or substitution at the Ti or S sites.” > For instance, in crystals,
x; at 300K can be reduced by a factor of 5.” Although com-
pounds derived from TiS, have been the focus of many stud-
ies, those concerning the anisotropy of the TE properties are
very limited, probably because the platelet-like crystals are
usually too thin (typically 20 um thick, limiting the possibility
to measure S,.). For TiS, crystals, only 300K ratios of p./p.,
=750 and x /K. = 1.6 were reponed.4 As thicker samples are
needed for TE applications in TE generators, textured ceramics
are usually densified by using Spark Plasma Sintering
(SPS).S*&IO’IZ’16 However, not much is known about the tex-
ture qualification and TE anisotropy for these materials. Only
one study of a heavily doped TiS, ceramic reported on aniso-
tropic TE properties,” with anisotropic S values consistent with
the anisotropic band structure,'” contrasting to the direction
quasi-independent values in Bi,Te;.'™

This motivated the study of both the texture and anisot-
ropy for a series of Cu,TiS, ceramics exhibiting higher zT
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values® than in Ref. 7. In the present letter, we show that the
increasing amount of Cu intercalated between the layers
reduces the p anisotropy value as the covalent character along
c is increased with the Cu content; this covalency is the high-
est as the atomic number of the 3d element increases.'® For
all x values (x<0.1), the Seebeck coefficient is also aniso-
tropic with in-plane S values higher than the cross-plane ones,
in agreement with the anisotropic band structure. This leads
to higher in-plane PF values. Interestingly, in these textured
ceramics, the Ki,.piane/ Keross-piane Tatio, with values similar to
the only data reported for TiS, crystals,* are always higher
than  p o5 piane! Pin-piane- This uncommon feature leads to
equivalent zT values for the in-plane and cross-plane direc-
tions, reaching 0.35-0.5 at 800 K.

The synthesis method of the Cu,TiS, ceramics
(x=0.00, 0.02, 0.05, and 0.10), together with the structural
analysis, is described in Ref. 6. Starting from calcined pow-
ders with plate-like grains (diameter size of 1-5 um), the
thermomechanical treatment (temperature, time, and uniaxial
pressure) during SPS allows simultaneously the growth of
the TiS, grains (up to 20 um) and the alignment of plate-like
grains (scanning electron microscopy pictures, not shown).
The resulting materials are sparsely textured, with their
mean ¢ axes parallel to the pressure direction and conse-
quently perpendicular to the pellet surface (for a review, see
Ref. 10 and references therein). Note that similar microstruc-
tures were observed for all the samples with geometrical
densities higher than 95% of the theoretical densities.

In order to obtain a macroscopic view of the texture, by
analyzing a larger volume in comparison to scanning elec-
tron microscopy, X-ray diffraction analysis has been per-
formed for overall texture determination probing around
~10° crystals. This texture analysis was performed using a
4-circle diffractometer setup equipped with a curved position
sensitive detector (CPS120 from Thermofisher Scientific)
with monochromatic Cu Ko radiation.'” Data were processed
within the combined analysis formalism implemented in the
MAUD software.” The sample reference frame is given by
the SPS direction of pressure, which corresponds to the
centers of the pole figures (Z). Variations of intensities of

Published by AIP Publishing.


https://doi.org/10.1063/1.4998952
https://doi.org/10.1063/1.4998952
mailto:emmanuel.guilmeau@ensicaen.fr
mailto:emmanuel.guilmeau@ensicaen.fr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4998952&domain=pdf&date_stamp=2017-09-28

133903-2 Guilmeau et al.
the X-ray diffraction diagrams measured for various sample
orientations are observed, indicating the presence of a moder-
ately pronounced texture. The combined analysis refinement
[Fig. 1(a), x=0.05 sample] correctly reproduces the experi-
mental diagrams, within reliability factors Ry, =23.19% and
Rexp=17.01%. These apparently large values of reliability
factors depend on the number of experimental points, which,
in the present case, is very large (around 2.3 x 10°). From
these two factors, a 12 value was evaluated to be of 1.6 and
corresponds to a good refinement value. The pole figures of
the main crystallographic directions of Cu,TiS, samples [Fig.
1(b)] show a moderately strong (001) cyclic-fiber-texture with
a nearly 3.6 m.r.d. maximum value of the {001} pole figure.
The (001) fiber character of the texture is confirmed by the
axially symmetric distribution of the {100} pole figure. The
refinement converges to unit-cell parameters and atomic posi-
tions close to the already reported values from Rietveld refine-
ments.’ The overall texture strength, maxima of OD, pole
figures, and inverse pole figures do not show significant varia-
tion with the copper content from X-ray texture analysis. It tes-
tifies that copper diffusion and intercalation during SPS has no
significant influence on the texturation, i.e., grain growth and
alignment. It also confirms the similar microstructures
observed for all x contents by scanning electron microscopy.
Such a texturation qualification, generally not reported
for TiS, and derived ceramics, confirming a similar degree
of preferential orientation in the present samples, allows a
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FIG. 1. (a) Evolution of the 20 diffraction diagrams with the orientation
(x,¢) of the CugsTiS, sample (vertical scale). The bottom 2D view corre-
sponds to the 864 measured diagrams, developed for increasing (y,¢) sample
orientations (indicated by the diagram numbers), while the top 2D view are
the corresponding fits. Note the strong {001} intensity variation (20 ~ 15°)
along (z,¢) which signs the fiber texture. For clarity, experimental and fit
are indicated. (b) Left: {001} and right {100} normalized pole figures recon-
structed from the OD. The scale used is logarithmic density scale, equal-
area density projections.
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comparison of anisotropic TE properties to be made (Figs. 2
and 3). All the property measurements were performed on
the same pellet (9 mm in thickness and 15 mm in diameter)
along the average (ab) planes, i.e., in the in-plane direction
(perpendicular to the pressure direction) and along the aver-
age ¢ axis, i.e., in the cross-plane direction (parallel to the
pressure direction). For all sintered compacts, the sign of S
and Hall coefficient are negative, which confirms n-type car-
rier transport. In addition, all compacts show metallic behav-
ior; |S| and p increase with temperature. The temperature
dependence of the electrical resistivity, p, for the four speci-
mens, measured along the in-plane and cross-plane directions
(ULVAC-RIKO ZEM3) is shown in Fig. 2(a). As x increases
in Cu,TiS,, it is found that the p values decrease in both mea-
surement directions showing that n-type charge carriers are
created by the Cu intercalation.® For TiS, (x=0) at 300K, an
electron concentration of n=6.5x 10*cm™> is measured
with a p in-plane corresponding value of 1.5mQ cm. These
values can be well compared to those reported for in-plane
measurements in Ti; S, crystals, as for n=6.7 x 10 cm 3,
a piooky value of 0.9 mQ cm was repoﬁed.ZI It demonstrates
that the SPS sintering allows obtaining dense and textured
specimens so that p in-plane is only higher by a factor of 4
than p,, of single crystals. The p anisotropy is also much
lower than in single crystal (p./p., =750 for TiS, in Ref. 4)
because, as shown above, the (00/) planes are not perfectly

— ——7——
1.8 .

12 18, .
16 300K a)
a /
10 < 14 O/o 4
g . S
12 . . . 5° .
8 - o o 4
= 1'00.00 0.05 0.10 O,O ./. A/A
E X content O ks /
© pe ® A/A
L ° i
G 6 AN AA
g o® & A
— r's AA AAA O
Q 4+ K AA A D'D -
L BN o’
AAAA iﬂiﬂil'
2L AAT oW .
oD ¥
0 QW##
Lo VR
1 1 Il
0r —%—x=0.1 Cross
-50 - b) —*—x=0.1In-plane |
*sﬁ:n* —0O—x=0.05 Cross
‘ *‘i&aﬁfl* x=0.05 In-plane
*. e
*. -
-100 Koy Tty 1
ELD **‘ ﬁ‘i\‘?
— o. Kok “Y¢
> o P e,
=-150 - "a, Cog ¥ A
§ o.
E‘J ‘A‘A .‘. ] D‘D
v AL DAL o
200 - \A.A‘AA.AAA .
K AN
° .:20 o AA"‘AAAA
S O "
250 - —A—x=0.02 Cross °\.‘. Co,4 0o A, |
—A—x=0.02 In-plane A ° 000
| —0O—x=0 Cross ®oo, o
—®—x=0 In-plane
-300

300 400 500 600 700 800
T (K)

FIG. 2. Temperature dependences of (a) electrical resistivity (p) and (b)
Seebeck coefficient (S) measured perpendicular (in-plane) and parallel
(cross-plane) to the SPS pressing direction in the Cu,TiS, series. The 300K
Peross-plane/ Pin-plane Tatio as a function of x is given as an inset of the top
panel.
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FIG. 3. Temperature dependences of the (a) thermal conductivity (x) mea-
sured perpendicular (in-plane) and parallel (cross-plane) to the SPS pressing
direction in the Cu,TiS, series. Lattice thermal conductivities for both direc-
tions of measurements are displayed in the inset. (b) Corresponding thermo-
electric figure of merit zT as a function of T.

oriented and deviate up to the normal direction. Nevertheless,
the anisotropy of the transport properties for the four samples
can be well compared since the texture analysis indicated the
same degree of orientation in these latter. As expected from
the anisotropic crystal structure, the electrical resistivity along
the cross-plane direction at the macroscopic scale is around
two times higher than along the in-plane direction. It confirms
a higher electron mobility (6.4cm? V™~'s~! at 300K) in the
CdL,—type layers formed by the TiS¢ octahedra. By plotting
the anisotropy factor p./p,, versus x content [inset of Fig.
2(a)], it is obvious that the increasing amount of Cu interca-
lated between the layers reduces the anisotropic character of
TiS,. Such tendency was addressed in non-stoichiometric (self
Ti intercalated) compounds where the anisotropy of the
mobility (u.,/u.) was found higher in stoichiometric com-
pounds (Tij;gogS,) than in self-intercalated compounds
(Ti; 03:S5).%% It is reasonable to assume that there is a signifi-
cant interaction between Cu and Ti orbitals, which opens a
conduction channel along the c-axis as in Co,TiS,."® Such an
orbital overlap along the c-axis is responsible for the increas-
ing metallic character of p. upon copper intercalation. In 2H-
Na,Ta$S,,>® Fang ef al. have also shown that the anisotropy of
resistivity p./p., in less intercalated sample (x < 0.05) is
about 60 times higher than that in the more intercalated sam-
ple (x=0.1).
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The temperature dependence of the Seebeck coefficient
drawn in Fig. 2(b) also reveals the existence of a § anisot-
ropy for all Cu,TiS, samples. As x increases, it is found that
|S| values decrease, confirming that n-type charge carriers
are created by the Cu intercalation. Whereas an insensitivity
of S to the crystal orientation (in polycrystalline bulk com-
pounds) was observed by Ohta et al.,”* all our present samples
show anisotropic S: the in-plane S values are higher than the
cross-plane direction ones. This is in fair agreement with the
results reported by Wan er al.” It suggests probably weaker
texture strength in the samples prepared by Ohta et al.,** as it
can be simply assumed by comparing the relative intensities
of the diffraction peaks in the respective samples. The (00/)
texture strength seems indeed much more pronounced in our
samples than those synthesized by Ohta et al. On the other
hand, the anisotropy of S has been previously reported for the
misfit (LaS); 14NbS, and (SnS); »(TiS,), systems,”** and may
arise from the anisotropic band structure due to anisotropic
band dispersion of Nb4dz* and Ti3d near the Fermi level, in
their respective structures. However, anisotropic S properties
of single crystals are missing which precludes a definitive
conclusion to be made.

Contrasting to the weak and x dependent resistivity
anisotropy, the temperature dependence of x in Cu,TiS, mea-
sured along the in-plane and cross-plane directions reveals an
unexpected behaviour. x was obtained from the product of the
sample density, heat capacity (Netzsch STA449-F3 Jupiter),
and thermal diffusivity (Netzsch LFA457) under inert atmo-
sphere from 300 K to 700 K. For all specimens, k decreases as
T increases. The TiS, compound (x =0) has a different tem-
perature dependence with comparable or higher x values
(especially over 650K) as compared to the Cu intercalated
compounds. With the increase in x, x remains rather constant
while the lattice part decreases significantly with Cu intercala-
tion [see inset of Fig. 3(a)]. As reported recently by Wan
et al. in (SnS); »(TiS,), misfit layer (:ompounds,7 the decrease
in the lattice thermal conductivity may be linked to the weak
interlayer bonding and disruption of periodicity of TiS, layers
in the direction perpendicular to the layers by the intercalated
Cu layers. The Cu intercalation between the TiS, layers then
generates disorder and phonon scattering even for small Cu
content. In addition, the x values measured in the in-plane
direction are higher than those measured along the cross-
plane direction, indicating interfacial phonon—phonon scatter-
ing that makes the phonon mean free path lower in the cross-
plane direction than in the in-plane direction. This effect is
linked to the layered structure, but the decrease in k along the
cross-plane direction is also affected by phonon scattering
due to a large number of grain boundaries along this direction
due to the alignment of plate-like grains. The additional disor-
der induced by Cu intercalation leads to an extremely low
cross-plane lattice thermal conductivity, as shown in the inset
of Fig. 3(a). Different from the electrical resistivity anisot-
ropy, the anisotropic factor, x,,/K., ranges between 1.4 and
1.5, independently of the x content. Thus, it is found that the
intercalated species favour phonons scattering in both direc-
tions in misfit compounds as suggested by Wan ez al..”

Combining these physical quantities allows anisotropic zT'
values to be calculated in the Cu,TiS, series (Fig. 3). Although
the four compounds show higher electrical performances
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(lower p and higher |S|) in the in-plane direction, they also
show higher x in that direction. As a result, despite that the in-
plane power factor $*/p is the highest, for the cross-plane
direction, the combination with x ultimately produces a zT
value similar to the in-plane one. This result demonstrates that,
for the level of texture of these Cu,TiS, samples, the Cu inter-
calation does not allow to increase the z7T in a certain direction.
In conclusion, we have characterized the texture and TE
anisotropies of Cu,TiS, ceramics densified by SPS. A prefer-
ably oriented (00/) fiber texture along the pressing direction
is obtained for the different samples, which is rather similar
with the copper content. It is found that Cu intercalation
between the layers inhibits the anisotropic character of TiS,
due to the formation of conduction paths along the c-axis.
Differently, the anisotropy of the thermal conductivity is
rather independent of the amount of Cu intercalated with the
structure. Remarkably, whereas these compounds exhibit
superior PFs along the in-plane direction, this effect is com-
pensated by the thermal conductivity anisotropy producing
similar zT for both directions, contrasting with the behavior
reported in Bi,Te;. The present zT values achieved for
Cu,TiS, ceramics are similar to those reported for the ab
plane in single crystals. Thus, our main statement is that a
weak texturation coupled with a complete densification of
TiS, compounds is by definition sufficient to achieve ther-
moelectric performances equivalent to those of single crys-
tals. Finally, this work opens an avenue in the design of 2D
materials demonstrating the importance of ceramics to gen-
erate performing TE materials.
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