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ABSTRACT

Issues related to use of metallic interconnects in oxide thermoelectric generators (TEGs) need to be addressed to
secure performance and durability. Metal interconnects suffer from high cost of noble metals or chemical
instability and contact resistance of non-noble metals, arising from oxidation, evaporation, and delamination in
the oxidising conditions of ambient air at high operating temperatures. This work introduces the use of a stable
and highly conducting ceramic oxide, in our case p-type lanthanum strontium cobaltite (Lag ¢Sro 4CoOs3, LSC) as
interconnect. We verified the thermochemical stability of LSC in contact with p-type Nig.ggLig 020 (Li-NiO) and
n-type Zng.9gAlp.020 (Al-ZnO) and examined the electrical characteristics. An area specific contact resistance
(ASR,) of ~1800 Q cm? for a direct p-n junction was reduced to ~400 mQ cm? for a p-LSC-n junction at a
temperature of 300 °C, validating the concept. The use of a screen-printed LSC/Al-ZnO composite as a thin
interconnect layer was found to decrease the contact resistance of the junction further to ~260 mQ cm? at
300 °C, attributed to increased effective area of the LSC/Al-ZnO p-n junction.

1. Introduction

Oxide thermoelectric generators (TEGs) have potential advantages
over non-oxides in terms of stability at higher temperatures under oxi-
dising conditions (ambient air), non-toxicity, and low cost [1]. To meet
industrial demands, the figure of merit (2T) of oxide thermoelectrics
needs to improve, however, and focus has hence primarily been on the
properties of the thermoelectric (TE) materials, while the stability and
resistance of interconnects and interfaces have been less investigated
[2]. The contact resistance R, at the interfaces reduces the ZT of the
device from that of the materials (2T)ermoelement according to [3,4].
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Here, L is the device leg length, R, is the sum of contact resistances, o
is the average bulk electrical conductivity and (2T)thermoelement 1S the
average zT of the thermoelement. Noble metals Ag, Au, and Pt and non-
noble metals such as Ni, W, Cu, Fe, and Mo are commonly used as
interconnect materials in conventional TEGs [5-8]. Generally, they are
not suitable for oxide TEGs due to the high cost of the noble metals and
oxidation of the non-noble metals, with formation of resistive layers and
delamination as result [2,4,9-13]. In addition comes the problem of
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blocking rectifying junctions between noble metals and oxides. Ac-
cording to the ideal Mott-Schottky theory, the work function (®) of the
metal and semiconductor determines the nature of the junction. For a
p-type semiconductor, a metal with a higher work function than the
p-type semiconductor forms a rectifying junction (@, < ®,, rectifying)
and leads to an ohmic contact if @, > ®,. Similarly, for an n-type
conductor, ®, > &, gives rectifying contact and become ohmic if &y, <
®@,. In this sense, conventional metal contacts like Pt, Au and Ag are not
suitable candidates for both NiO- and ZnO-based thermoelectrics. For
example, Pt (®p; ~ 5.5 eV) forms an ohmic contact with NiO (®yjo ~
5.2 eV) and a Schottky contact with ZnO (®z,0 ~ 4.5 eV).

Some conventional metal interconnects like Ag, Au, Pt, Ni, and W
have still been used in oxide devices [9,14]. In 2004, Funahashi et al.
reported an interconnect consisting of Ag paste and oxide powders that
enhanced the device efficiency of a p-type Cay 7Bip 3C0409 and n-type
Lag.9Bip 1NiO3 system [15]. Afterwards, other oxide-based TEGs were
made using the same concept of a composite of metal and oxide in-
terconnects but still based on noble metals. Later on, Holgate et al. re-
ported that a Fe-Cr alloy could be considered for cobaltite based
thermoelectrics [16].

In the present work we study the use of a highly conducting oxide as
thermodynamically stable noble metal free interconnect to decrease the
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Fig. 1. Schematic diagram of assemblies used for electrical characterisation.

contact resistance between the legs of oxide TE elements. Our choice of
interconnect material fell on perovskite-type lanthanum cobaltite
LaCoOs3 (LC) acceptor-substituted 40% with Sr to form Lag ¢Srg.4CoO3
(LSC) with a conductivity of 4.4 x 103 Sem~! [17] at room temperature.
We investigated the use of LSC between oxide TE materials p-type
Ni().gg]_.i()_()zo (LI—NIO) and n-type Zl‘lolgsAlo_ozo (Al—ZnO) ina p-LSC-l‘l
junction, hereafter p-L-n, as well as interfacial reactions and stability of
the individual interfaces. LSC is a p-type oxide and hence the p-L-n as-
sembly is effectively a p-p-n junction. Hence, the p-n junction between
the LSC and Al-ZnO may expectedly be a major contributor to the
overall resistance, and to reduce this, we made and characterised
junctions with composite Al-ZnO + LSC interconnects, termed p-LZ-n.

2. Experimental
2.1. Materials synthesis

The Li-NiO and Al-ZnO used in this study were synthesised using a
ball milling method as described previously [18,19]. LSC powder was
synthesised by solid-state reaction based on details in published reports
[17,20-22] with some modifications. The precursors La;O3, Co304 and
SrCO3 from Sigma-Aldrich of 99.9% purity were pre-annealed sepa-
rately in ambient air at 600 °C before weighing. For Lag ¢Srg.4CoO3 the
precursors were mixed in their stoichiometric ratio in 2-propanol in a
planetary ball mill with zirconia jar and balls for 5 h. The resultant
mixture was dried at 120 °C, followed by calcination at 800 °C for 5 h in
air. The powder was grinded in an agate mortar for rehomogenisation
followed by a second firing at 1050 °C in air. Part of the powder was
pressed into pellets and sintered at 1300 °C for 10 h in air. The rest was
used to fabricate a p-n composite of LSC and Al-ZnO. For this, the
desired amounts of LSC and Al-ZnO were mixed in a rolling ball mill for
20 h in 2-propanol. After drying at 120 °C, a portion of the powder was
pressed into a pellet and sintered at 1100 °C for 10 h in air.

2.2. Materials characterisation

The crystal structure and phase purity of LSC and LSC/Al-ZnO
composite samples were analysed by powder X-ray diffraction (XRD)
using a Bruker D8 diffractometer with CuKa radiation at room temper-
ature. To understand the chemical interaction between the interconnect
and thermoelements, we mixed LSC with Li-NiO and Al-ZnO in 50:50
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Fig. 2. X-ray diffraction patterns of (a) calcined Lag¢Srg.4CoO3 powder (b)
mixture of LSC with Li-NiO and (c) LSC with Al-ZnO after 100 h of heat
treatment at 1100 °C.

vol% ratio and heated at 1100 °C for 100 h in air. The resultant powder
was analysed using XRD. The microstructure and morphology of the
sintered LSC pellets, composite pellets, and interfaces were investigated
using an FEI Quanta 200 F FEG-ESEM Scanning Electron Microscope
(SEM). The band gaps were calculated via UV-Vis spectroscopy using
Tauc plots based on optical absorption properties measured at room
temperature with a UV-Vis spectrophotometer (SPECORD® 200 PLUS,
data analysis with spectroanalytical software WinASPECT PLUS).
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Fig. 3. SEM secondary electron detector images of a) surface and b) fracture cross-section of sintered LSC pellet. SEM back scattered electron images of c¢) surface and
(d) fracture cross-section of LSC/Al-ZnO composite pellet. Bright grains represent LSC, dark grains represent Al-ZnO. SEM back scattered electron images of fracture
cross sections of the interfaces between screen-printed LSC and (e) Li-NiO and (f) Al-ZnO.

2.3. Electrical measurements

A schematic illustration of the electrical measurement assembly used
in this study is shown in Fig. 1. We used two different methods to make
the interconnect contacts. The first method uses the interconnect in the
pellet form with a contact area of ~2 cm?, in which the LSC pellet is
sandwiched between the two oxide TE pellets. The stacks of the 3 pellets
were horizontally placed and spring-loaded in a ProboStat™ measure-
ment cell (NORECS, Norway). The acronym p-Ly-n denotes this config-
uration, while when used with a composite pellet it is denoted p-LZ,-n.
In the other method, we used screen-printing to make 15-20 pm layers
of the interconnect on both the p-and n-type pellets, termed as p-Lg-n for

printed LSC and p-LZg-n for printed LSC/Al-ZnO composite. The back
side of each semiconductor was painted with Pt paste (METALOR®) and
contacted by flat Pt mesh electrode connects each with two wires for
current and voltage. All electrical measurements were done from 300 °C
to 1000 °C in ambient air using a Gamry Reference 3000 potentiostat.
The total resistance for the entire cell configuration was measured, and
the area-specific resistance (ASR) of the junction and interconnect is
reported here after deducting the resistance contributions of the metal
oxide and metal contacts, based on separate measurements.
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Fig. 4. I-U, curves of the p-Ly-n (Li-NiO/LSC/Al-ZnO) junction at three
different temperatures.

3. Results and discussion

Fig. 2 (b) and (c) show the original phases of all mixed oxides without
change in XRD peak positions after the heat treatments. Within the
detection limits of this study, there is hence no chemical reaction be-
tween LSC and Li-NiO or Al-ZnO well above the temperature range used
for measurements.

Fig. 3 a and b show, respectively, surface and cross-sectional mor-
phologies of the LSC pellet with an average grain size ~3 pm and relative
density higher than 90%, confirming also its phase purity. Fig. 3(c) and
d are backscatter electron images of a surface and cross-section of an
LSC/Al-ZnO (80:20 vol%) composite pellet.

Further SEM analyses of cross-sections of screen-printed LSC layers
on Li-NiO and Al-ZnO pellet substrates are shown in Fig. 3(e) and f.
They indicate that the LSC layer has good adherence to both
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semiconductor surfaces. No additional phases were detected in the SEM,
confirming the absence of chemical reactions between the LSC inter-
connect and TE materials.

Interdiffusion of Co into NiO is still expected, forming solid solutions
Ni;.xCoxO and Laj .xSryCo;.yNiyO3 [23], but the bulk and grain boundary
diffusivities are limited [24] and since temperatures and times used
were modest, we were unable to detect it by XRD or SEM. Moreover, it is
known that substitution of Co for Ni enhances the p-type conductivity of
NiO via the generation of holes and if there is a considerable amount of
Co substitution it will further enhance the electrical conductivity of the
system [25]. Ni-substitution in LSC has furthermore been reported to
increase the electronic conductivity [26] and hence, interdiffusion of Co
and Ni should improve electrical properties, but we did not notice
considerable change, and conclude that interdiffusion was not
significant.

We investigated the electrical properties of the Li-NiO/LSC/Al-ZnO
(entire cell with all resistance contribution) assembly using current-
voltage (I-Up) measurements, and the results at three different temper-
atures are plotted in Fig. 4. The linear nature of the I-Ua plot show that
the LSC interface contacts are ohmic.

The temperature dependencies of area specific contact resistance for
a direct p-n junction and junction with LSC pellet at the interface (p-Lp-
n) are displayed in Fig. 5(a) while those for the pellet LSC (p-L,-n) and a
screen-printed LSC interface (p-Lg-n) are compared in Fig. 5(b). The
resistance for the direct Li-NiO/Al-ZnO p-n junction was very high,
attributed to the Schottky contact between NiO and ZnO [27,28]. The
measured ASR was around 58 Q cm? at 600 °C and 1800 Q cm? at 300 °C
which are similar to literature values for this type of junction [18]. The
junction resistance decreases with increasing temperature and ap-
proaches a linear (ohmic) I-U, behaviour at 1000 °C.

The junction with an LSC pellet incorporated (p-L,-n) showed in
comparison an ASR of 400 mQ cm? at 300 °C, four orders of magnitude
lower than that of the direct junction at the same temperature.

The activation energy for the junctions incorporating LSC is slightly
higher than the reported activation energy (~0.4 eV) of conduction in
LSC [29], and may reflect interface resistance and remaining uncor-
rected TE materials resistances [30,31]. The slight decrease in resistance
for p-Le¢n (Fig. 5(b)) compared with p-L,-n can in part be attributed to
the better adherence of the printed LSC interconnect to Li-NiO and
Al-ZnO than possible in the pellet stack.

Application of LSC as an interconnect between TE oxide materials
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Fig. 5. Logarithmic values of area specific resistance as a function of inverse temperature for (a) p-n and p-L,-n and for (b) p-L,-n and p-Ls-n.
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Fig. 6. Tauc plot based on UV-Vis absorption spectrum for estimation of band
gap of LSC.

appears to decrease the overall system resistance due to formation of
non-rectifying low-resistive interfaces. It is of interest to seek to un-
derstand this in terms of the band alignment between the interconnect
and the TE materials. The band energy for the as prepared LSC was
estimated using a Tauc plot (see Fig. 6). The bandgap of the LSC sample
at room temperature was compared to its parental compound LaCoO3
(LC, band gap at room temperature) to show the trend with Sr doping.
LSC shows a strong and broad absorption peak in the visible region, and
a band gap energy of 1.3 eV was then measured from tangent lines in the
Tauc plot, which is somewhat lower than DFT-calculated and experi-
mentally measured band gap energies reported for undoped LC [32-34].

In the p-L-n system, LSC forms an isotype p-p junction with NiO,
while, a p-n heterojunction is formed between LSC and ZnO; hence, the
overall p-L-n system contains a double heterostructure. To illustrate the
main features of the junction, we developed the band diagram in Fig. 7
based mainly on computational and experimental results from literature
combined with our abovementioned experimental results.

As a preliminary interpretation, the lower electrical resistance at the
p-L-n (p—p—n) interface can be a consequence of the intermediate band
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levels of LSC and hence reduction in the depth and length of depletion
towards both NiO and ZnO as compared to a direct NiO-ZnO interface.

A composite interconnect made with LSC and Al-ZnO was used for
further reduction of the resistance at the LSC/Al-ZnO junction. Fig. 8(a)
shows the resistance of various p-LZ-n interfaces made with five com-
posite compositions, LZ;-LZs, corresponding to 20:80, 35:65, 50:50,
65:35 and 80:20 vol% of LSC:Al-ZnO, see Table 1. LZ5 with the highest
LSC content performs best, and the only one performing better than pure
LSC. It was then used as a screen-printed electrode (p-LZs¢-n) to improve
the interface further and compared with the p-Lg-n. The results in Fig. 8
(b) shows that the composite p-LZssn configuration has the lowest
resistance. The activation energy values calculated from the Arrhenius
plot did not show much change for different LSC:ZnO compositions
which implies that the interface barrier height is not influenced and that,
therefore, the LSC-ZnO interfaces are essentially the same in the case of
the pure LSC and the composite. However, the preexponential factor for
resistance (Agr) decreased from ~5 mQ cm? for LZ; to ~0.4 mQ cm? for
LZs. This may be attributed to the intended larger interface area in the
composite. The presence of a more continuous path of highly conducting
LSC phase in LZs appears more beneficial than highly percolating
Al-ZnO in the other composites.

4. Conclusions

In summary, we have investigated the use of highly conducting LSC
as an oxide interconnect between the p-type Li-doped NiO and n-type Al-
doped ZnO legs of a TE couple at 300-1000 °C in air. XRD and SEM show
that LSC is stable at 1000 °C towards both Li-NiO and Al-ZnO, forming
well-adherent contacts by firing of screen printed layers. The area-
specific resistance of the p-n junction was drastically decreased by
applying a pellet of LSC as interconnect, e.g. from ~1800 Q cm? for the
direct p-n junction to ~400 mQ cm? for the p-L-n assembly at 300 °C,
attributed to a lowering of the activation energy, reflecting the different
band alignments. At the same temperature, the use of an LSC/Al-ZnO
composite as interconnect reduced the ASR, further to ~260 mQ cm?,
attributed to an enlarged active interface area between p-type LSC and
n-type Al-ZnO. The optimal composite had a high LSC content (80:20
vol% LSC:Al-ZnO). This study demonstrates that air-stable, highly
conducting oxides can be used as interconnects for high temperature
oxide thermoelectrics, alleviating the need for expensive noble metals.
Contact resistances can be further reduced by composites with one of the
leg materials, and bonding can be done by screen-printing and firing of
pastes of the interconnect.
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Fig. 8. Arrhenius plot for (a) five different LSC/Al-ZnO composite composition and pure LSC pellet interfaces and (b) junction with the printed interconnects of LSC

and LZs.

Table 1

Volume composition of composite LSC/Al-ZnO and LSC interconnects and
corresponding activation energy E, and preexponential factor Ag calculated
from Fig. 8(a).

Sample Vol% of LSC:Al-ZnO E, (eV) Ag (mQ cm?)
LZy, 20:80 0.59 5.3

LZs, 35:65 0.65 1.7

LZsp 50:50 0.62 1.6

LZ4p 65:35 0.64 1.1

LZs, 80:20 0.58 0.45

LZss 80:20 0.55 0.41

Ly 100:00 0.63 0.60

L, 100:00 0.62 0.59
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