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The thermoelectric properties of delafossite-type layered oxides Agln;_.Sn,O, that consist of
alternating layers of Ag and In;_.Sn,O, were investigated to elucidate their potential as a
thermoelectric material. Polycrystalline materials of the Agln;_ . Sn,O, were prepared by a cation
exchange reaction between Naln,_,.Sn O, and AgCl. The solubility limit of the Sn atoms on the In
sites was approximately x=0.05. The electrical conductivity and Seebeck coefficient were measured
between 373 and 673 K in air. Undoped AgInO, was an n-type semiconductor with conductivities
of 107*=1072 Q' cm™!, and the electron carriers were generated via the formation of oxygen
vacancies. AglngosSn, 050, was an n-type degenerate semiconductor with conductivities of
10°-10' Q' cm™' where the Sn atoms acted as electron donors. This drastic increase in the
electrical conductivity increased the thermoelectric power factor by approximately two orders of
magnitude to 10°°~107> W m~! K=2. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.1940133]

I. INTRODUCTION

Thermoelectric energy conversion is an important tech-
nology for utilizing clean energy and development of ther-
moelectric materials with high efficiency of energy conver-
sion is a key issue. Low-dimensional materials that consist of
conducting one-dimensional (1D) chains or two-dimensional
(2D) layers are promising for thermoelectric energy
conversion.' ™ One advantage of the low dimensionality pro-
posed in these papers can be interpreted in terms of the car-
rier confinement effect in the conducting 1D chains or 2D
layers, which leads to an enlarged absolute value of the See-
beck coefficient S compared to the materials with three-
dimensional conducting paths. Another advantage is a
phonon-scattering effect due to the different chemical bond-
ing between the chains or layers, which decreases the ther-
mal conductivity . In addition, the electrical conductivity o
of the low-dimensional materials can also be controlled by
doping on the sublattice outside of the conducting paths to
prevent the carrier mobility from decreasing. These three ad-
vantages are promising for a high thermoelectric figure of
merit Z expressed by the equation Z=5?c/ k, although there
may be some trade-offs between the advantages.

Delafossite-type oxides are layered materials that consist
of a variety of compositions expressed by the general for-
mula ABO, (A=Pt, Pd, Cu, and Ag; B=Al, Ga, In, Sc, Cr,
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Fe, Co, Y, La, etc.).sf7 The crystal structure consists of an
alternating stacks of the A* layer and the (BO,)~ layer along
the ¢ axis. There are two polytypes, thombohedral (3R) and
hexagonal (2H), according to the stacking sequence of a unit
of the A* and (BO,)~ laye:rs.8 The 3R type has a stacking
sequence of abcabc: -+, where each of a, b, and c denotes a
unit of the A* and (BO,)~ layers as shown in Fig. 1. The A*
cations form linear O—A—O dumbbells parallel to the ¢ axis
and the (BO,)” layers form sheets with edge-sharing BOg
octahedra. The O atom coordinated by one A atom and three

Ll 1

FIG. 1. Crystal structure of delafossite-type ABO, (space group: R3m). The
structure has a stacking sequence of abcabc- - -along the ¢ axis, where each of
a, b, and ¢ denotes a unit of the A* and (BO,)~ layers. The solid line shows
the trigonal unit cell.

© 2005 American Institute of Physics
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B atoms has a sp>-like bonding configuration. When the A*
cation is monovalent Pt or Pd with a &’ electronic configu-
ration, the materials show a metallic conductivity, whereas
the materials are semiconductors with monovalent Cu or Ag
with d'° closed shells.” For the latter, transparent conduct-
ing thin films with both p-type and n-type conductivities are
extensively developed based on the unique material design
concept.gﬁ13 Koumoto and co-workers*'* reported the ther-
moelectric properties of several delafossite-type oxides,
polycrystalline materials of PdCoO, and Ag,CoO,, and a
single crystal of CuAlO, at high temperatures. They found
that the PdCoO, and CuAlO, are promising thermoelectric
materials that display a p-type conductivity.

We have selected a delafossite-type layered oxide
AgInO, as a candidate of thermoelectric material. Transpar-
ent thin films of Sn-doped AgInO, with an n-type conduc-
tivity were fabricated by a rf-sputtering method'? and a
pulsed laser deposition method.'? In these studies, the elec-
trical conductivity was successfully controlled by Sn doping
and the conducting paths for the electron carriers were con-
sidered to be InO, layers. In this study, polycrystalline bulk
materials of Agln;_,Sn,O, have been prepared by a cation
exchange reaction and the thermoelectric properties have
been investigated at high temperatures. The effect of Sn dop-
ing on the thermoelectric power factor is reported.

Il. EXPERIMENT

Since it is known that the direct preparation of AgInO,
delafossite by a conventional solid-state reaction of In,Oj
with AgNO; or Ag,O was unsuccessful,'? powder samples
of delafossite-type Agln;_,Sn,0, with x=0.00, 0.05, and
0.10 were prepared by a cation exchange reaction between
Naln;_,Sn,0, and AgCl. The starting materials, Na,COs,
In,O3, and SnO,, were stoichiometrically weighed and
mixed in ethanol. The mixed powder was pressed into a pel-
let, which was heated and intermittently ground at 1123 K
for 20 h in air flow. The obtained Naln,_,Sn,O, was ground
and stoichiometrically mixed with AgCl in a mortar. The
mixed powder was pressed into a pellet and the following
cation exchange reaction was performed by heating at 673 K
for 24 h in air with intermittent grinding:

Naln;_,Sn,0, + AgCl — Agln;_,Sn, O, + NaCl.

The pulverized sample was washed in distilled water, fil-
tered, and dried at 353 K in air. Then the sample was pressed
into a cylinder at 200 MPa using a cold isostatic press. Af-
terwards, it was heated at 673 K for 12 h in air. A phase
identification was performed by x-ray-powder-diffraction
(XRD) measurements using Cu K« radiation (PANalytical,
X’Pert). The electrical conductivity and Seebeck coefficient
were measured at several temperatures between 373 and
673 K in air using an equipment developed in our laboratory.
The electrical conductivity was measured by the direct cur-
rent four-probe method. The Seebeck coefficient was evalu-
ated by correcting the linear gradient of AV/AT for the ther-
mopower of platinum,l5 where AV and AT are the
thermoelectromotive force and the temperature difference
between both ends of a sample measured by Pt leads and
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FIG. 2. Kubelka-Munk function spectra for Agln,_,Sn,0, (x=0.00, 0.05,
and 0.10). The spectra were obtained by transforming the diffuse reflectance
spectra measured for the powder samples. MgO powder was used as a
reference.

Pt/Pt—Rh thermocouples, respectively. Diffuse reflectance
spectra were measured in a wavelength range of
200-2600 nm for the powder samples using double-beam
spectrophotometer (Hitachi, U-4000). MgO powder was
used as a reference. The Kubelka—Munk function spectra
were obtained using the equation f(R)=(1-R)?/2R, where
f(R) is the Kubelka-Munk function and R is the diffuse re-
flectance.

lll. RESULTS AND DISCUSSION

The XRD patterns for the samples with x=0.00 and 0.05
were indexed with a 3R-type delafossite structure of
AgInOZ,16 indicating that the obtained samples with x=0.00
and 0.05 were single phases of the delafossite-type
Agln;_Sn,O,. The XRD pattern for the sample with x
=0.10 showed a few weak diffraction peaks besides those
arising from the 3R-type delafossite, which were due to AgCl
and probably Sn-related oxide impurity. This result suggests
that the solubility limit of the Sn atoms into the In site is
approximately x=0.05 at the preparation stage of the precur-
sor Naln;_.Sn O,. Significant differences in the lattice pa-
rameters a and ¢ of the 3R-type delafossite structure were
not observed among the samples: a=3.2764(2) A, ¢
=18.875(3) A for x=0.00, a=3.2759(2) A, ¢=18.879(2) A
for x=0.05, and a=3.2755(2) A, ¢=18.879(2) A for x
=0.10, respectively. These values are consistent with those
previously reported for AgIn02.5 16,17 Using the theoretical
densities calculated from the lattice parameters, the estimated
relative densities of the cylindrical samples were approxi-
mately 60%. Although the sample with x=0.10 included a
small amount of impurities, the optical and thermoelectric
measurements were performed for comparison.

Figure 2 shows the Kubelka—Munk function spectra. A
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FIG. 3. Temperature dependence of the electrical conductivity o for
AglIn;_,Sn,0, (x=0.00, 0.05, and 0.10).

weak optical absorption starts at a photon energy of 2.05 eV
and a sharp increase in the absorption is observed at approxi-
mately 3 eV for all the samples. These two optical absorp-
tions correspond to the indirect and direct band gaps of the
delafossite-type Agln;_,Sn,O,, respe:ctively.13’18 Another op-
tical absorption is observed in the lower photon energy side
for the Sn-doped samples. This absorption is attributed to the
plasma oscillation of electron carriers generated from the
doped Sn atoms'” and indicates that the doped Sn atoms act
effectively as electron donors.

Figure 3 shows the temperature dependence of the elec-
trical conductivity. The electrical conductivity for the un-
doped AgInO, is 107*-102 Q~'cm™' between 473 and
673 K, and the value increases as the temperature increases.
The 5-mol % Sn doping drastically enhanced the electrical
conductivity to 10°~10' Q~! cm™!, which is more than three
orders of magnitude higher than that of undoped AgInO,.
This enhanced electrical conductivity was also demonstrated
for 5-mol % Sn-doped AgInO, thin film.'? Figure 4 shows
the temperature dependence of the Seebeck coefficient. The
signs of the Seebeck coefficient are negative for all the
samples, indicating that the materials are n-type conductors.
The absolute value of the Seebeck coefficient for the un-
doped AgInO, decreases with increasing temperature, sug-
gesting the increase in the electron carriers with the tempera-
ture increase. The absolute value of the Seebeck coefficient
drastically decreases with 5-mol % Sn doping, corresponding
to the effective electron doping, but it remains higher than
100 wV K~ at 673 K.

The observed thermoelectric properties suggest that the
undoped AgInO, is an n-type semiconductor, and the elec-
tron carriers are probably generated from the oxygen vacan-
cies according to the following defect equilibrium using the
Kroger—Vink notation:
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FIG. 4. Temperature dependence of the Seebeck coefficient S for
Agln;_ Sn 0, (x=0.00, 0.05, and 0.10).

05 =V§+2e’ +1/20,,

where Og, V, and e are the 0%~ anion in the delafossite
lattice, oxygen vacancy, and electron carrier, respectively,
and the superscripts *, ", and ' denote effective charge states
of neutral, positive, and negative, respectively. It is likely
that the oxygen vacancy releasing two electrons as electron
donor increases as the temperature increases. For the Sn-
doped sample with x=0.05, the conductivity gradually in-
creases and the absolute value of the Seebeck coefficient
linearly increases as the temperature increases. These behav-
iors suggest that the AglnggsSn 50, is a degenerate semi-
conductor and the Sn atoms doped in the delafossite lattice
act effectively as electron donors, being consistent with the
optical absorption by the electron carriers. There are no sig-
nificant differences in the electrical conductivity and See-
beck coefficient between the Sn-doped samples with x
=0.05 and 0.10. This is consistent with the XRD result that
the solubility limit of the Sn atoms into the In site is approxi-
mately x=0.05 and suggests that a small amount of impuri-
ties in the sample with x=0.10 hardly affect the thermoelec-
tric properties. Rogers et al explained the electrical
transport properties of the delafossite-type oxides using a
molecular-orbital energy diagram and the hybridization be-
tween d2 and s orbitals proposed by Orgel.19 Their explana-
tion indicated that the valence band of the materials is com-
posed of filled d,2—s hybrid orbitals or other nonhybrid d
orbitals that directly interact with the corresponding orbitals
of the neighboring Ag* cations in the ¢ plane due to the
relatively short distance between the Ag* cations [3.2772 A
for AgInO, (Ref. 5)] and that the lower part of the conduc-
tion band is composed of empty antibonding orbitals be-
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FIG. 5. Temperature dependence of the thermoelectric power factor S ¢ for
AglIn,_,Sn,0, (x=0.00, 0.05, and 0.10).

tween the Ag d+s hybrid orbitals and the O sp hybrid
orbitals along the ¢ axis. For AgIlnO,, the lowest part of the
conduction band may be composed of antibonding orbitals
between the In 55 and O sp3 orbitals. Therefore, the electron
carriers generated from the doped Sn atoms and the oxygen
vacancies will move through the InO, layers, as described in
the previous paper.13

Figure 5 shows the temperature dependence of the ther-
moelectric power factor. The power factor values for un-
doped AgInO, are 10781077 W m~! K=2 between 470 and
670 K, but 5-mol % Sn doping drastically enhanced the val-
ues to 107°—1073 W m~! K=2 between 370 and 670 K. The
power factor also increases with increasing temperature for
all the samples. Since the relative densities of the present
samples that had the electrical conductivity and Seebeck co-
efficient measured are still low (~60% ), improving the rela-
tive density using an effective technique of ceramic process-
ing or thin film preparation is considered the key to further
increasing the electrical conductivity and, consequently, the
power factor. Thus, Agln,_,.Sn O, is a promising n-type ther-
moelectric material.

IV. CONCLUSIONS

Delafossite-type layered oxides Agln;_,Sn, O, were pre-
pared by a cation exchange reaction and the thermoelectric
properties were investigated between 370 and 670 K.

J. Appl. Phys. 98, 013706 (2005)

(1) The solubility limit of the Sn atoms on the In sites is
approximately x=0.05 in the present synthesis route.

(2) Undoped AgInO, is an n-type semiconductor in which
electron carriers are generated via the formation of oxy-
gen vacancies, whereas the Sn-doped material of
Aglng 95Sn 050, is an n-type degenerate semiconductor
where the doped Sn atoms effectively act as electron
donors.

(3) The optical absorption due to the electron carriers is
clearly observed in the near-infrared wavelength region
for the Aglngg5Sn 50,.

(4) The electrical conductivity is drastically enhanced with
5-mol % Sn doping and increases the thermoelectric
power factor by approximately two orders of magnitude
to 10°-10° W m™' K2,
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