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Abstract: The concepts of dual leg, unileg and transversal
oxide thermoelectric harvesting devices were compared
with regard to the dimensionless figure of merit calculated
from published data on common dual leg oxide thermo-
electric generators. The analysis shows that the applica-
tion of the transversal thermoelectric effect does not
significantly reduce the expected electrical output power
density of thermoelectric devices utilizing thermoelectric
oxides. At the same time, the transversal device layout is
simple in comparison to the common dual leg device. A
transversal thermoelectric harvester consisting of a tilted
multilayer stack La1.97Sr0.03CuO4/Ag was prepared and
analyzed in detail. Simulations using the finite elements
method were performed to verify the results. Based on this
data, the electrical power density of the transversal oxide-
metal device is estimated to be in the range of currently
published data on oxide dual leg devices, thus allowing
energy harvesting for low power applications.
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Introduction

Ceramic materials have been in the focus of thermoelectric
application for almost 20 years (Ohtaki et al. 1995; Terasaki,
Sasago, and Uchinokura 1997). Although the thermoelectric
performance data of thermoelectric oxides are inferior to
classic thermoelectric materials based on BiTe/PbTe semi-
metallic alloys, some aspects related to potential application

conditions, particularly the stability at high temperatures of
a number of ceramic thermoelectric materials, still induce a
large number of studies that aim of improving the material
properties. This is accompanied by research efforts to imple-
ment oxide materials in thermoelectric devices (Shin et al.
2000; Matsubara et al. 2001; Funahashi et al. 2004; Noudem
et al. 2008; Tomeš et al. 2010; Feldhoff and Geppert 2014).
The integration of oxidematerials for thermoelectric harvest-
ing devices typically includes monolithic blocks of n- and
p-type ceramics. Alternatively, large-scale ceramic mul-
tilayer technology represents an attractive option to
manufacture oxides thermoelectric generators (TEG).
Ceramic multilayer technologies, including low-tem-
perature co-firing, are well established for the industrial
production of electronic components, e.g. resistors,
capacitors, inductors and microsystems (Imanaka
2005). Recently, Hayashi et al. (2010) and Funahashi et
al. (2011) demonstrated the preparation of monolithic
TEG based on a multilayer co-fired ceramic technology.
To build up a multilayer-type TEG it is necessary to
combine and co-fire p-type and n-type thermoelectric
oxides, an insulating material as well as a suitable
metal to connect the thermoelectric layers accordingly.
Alternatively, the internal contacts between the p- and n-
layers can be realized without using an additional metal
component (Hayashi et al. 2010, Funahashi et al. 2011).
However, in this case it has to be ensured that the direct
contacts between the p- and n-materials exhibit a low-
contact resistance. Critical material and process para-
meters for the application of ceramic multilayer technol-
ogies are the shrinkage and sintering behaviors of the
different ceramic green tapes. In addition, thermal
expansion mismatch must be avoided. Implementation
of these constraint conditions may reduce the perfor-
mance reached for individually optimized thermoelectric
materials. The reduction of the number of components
used for co-firing a ceramic multilayer TEG and, hence,
reducing the complexity of the device fabrication, may
therefore be beneficial for the performance of the TEG.

In this paper, we discuss various TEG device concepts
assuming the application of ceramicmultilayer technologies
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for the fabrication of low-power energy harvesting generator
systems. The assessment of TEG concepts is conducted with
special emphasis on possible simplifications of the device
layout and not exclusively driven by the premise of a max-
imum thermodynamic efficiency. Simple thermoelectric
devices may show enhanced long-term reliability and low
production costs, while at the same time generating suffi-
cient output power to drive sensor or radio applications. A
simple theoretical description is used to compare different
device concepts, i.e. dual-leg, unileg and transversal multi-
layer TEGs. A simple transversal thermoelectric energy har-
vester was prepared. Its thermoelectric performance was
evaluated and compared with simulations.

Theoretical Background and Device
Concepts

In this section, the theoretical background of three different
device concepts feasible within the multilayer technology
is evaluated: (i) dual leg thermocouple; (ii) unileg thermo-
couple; and (iii) transversal thermocouple (Figure 1). The
dual leg thermocouple corresponds to the usual setup of
thermoelectric devices consisting of p- and n-type conduct-
ing thermoelectric materials. The unileg thermocouple fol-
lows the same setup. However, in this case a metal is used
in combination with a thermoelectric oxide (Lemonnier
et al. 2008). The dual leg as well as the unileg device can
be addressed using the same theoretical framework. The
transversal TEG contains two different materials in an alter-
nating layer stack. The layer stack is tilted at a certain
angle with respect to the applied temperature gradient.
The transversal device will be discussed assuming a

material combination of a thermoelectric oxide and a
metal for the alternating layers.

In the case of dual leg as well as unileg devices the
electrical and the thermal current flows are aligned in
parallel (longitudinal thermoelectric effect), whereas in a
transversal thermocouple the electrical current is oriented
perpendicularly to the external temperature gradient.

In order to compare these three device concepts the
dimensionless figure of merit Z�T is used (Ioffe 1957). It is
worthwhile to mention that Z�T is derived from thermody-
namic considerations, thus defining an upper limit of the
expected thermoelectric performance data. For the thermo-
couple combining n- and p-type conducting thermoelectric
materials having Seebeck coefficients Sp; Sn, thermal con-
ductivity λp; λn and electrical resistivity ρp; ρn, the maxi-
mum figure of merit Zmax

long
�T of the common longitudinal

thermoelectric effect can be written as follows:

Zmax
long

�T ¼ Sp � Sn
� �2ffiffiffiffiffi
Lp

p þ ffiffiffiffiffi
Ln

p� �2 ½1�

with Lp ¼ ρpλp=�T and Ln ¼ ρnλn=�T as Lorenz numbers of
the n- and p-type material respectively. Equation [1] is
valid only if the following condition is fulfilled:

hnAp

hpAn
¼

ffiffiffiffiffiffiffiffiffi
ρpλn
ρnλp

s
½2�

using hn; hp and An;Ap for the height and the cross sec-
tion of the individual thermocouples (Goldsmid 1995). A
further performance parameter is the maximum electrical
output power per unit area wmax

long. If the internal resistance
of the thermoelectric device Ri matches the external load
Rload, the maximum electrical power per unit area wmax

long is
calculated by (Cobble 1995):

Figure 1: Scheme of the layer stack for (a) dual leg, (b) unileg and (c) transversal thermoelectric device; ΔT – temperature gradient;
ΔU – voltage drop; p – p-type thermoelectric oxide; n – n-type thermoelectric oxide; i – isolator; m – metal.

26 C. Dreßler et al.: Transversal Oxide-Metal Thermoelectric Device



wmax
long ¼

Sp � Sn
� �2ΔT2

4h ffiffiffiffiffiρpp þ ffiffiffiffiffi
ρn

p� �2 ½3�

containing only h as geometrical parameter for the height
of the device parallel to the temperature gradient.
Equation [3] presumes the fulfillment of the condition:

hnAp

hpAn
¼

ffiffiffiffiffi
ρp
ρn

r
½4�

Equations [1]–[4] describe the longitudinal thermoelectric
effect, thus the dual leg as well as unileg devices, respec-
tively. In the latter case one set of transport parameters has
to be replaced by the metal parameters Smet; λmet and ρmet.

Apart from common longitudinal thermoelectric
effect described, the existence of a transversal thermo-
electric effect was shown theoretically (Voigt 1910) and
experimentally (Reddemann 1937) a long time ago. In this
case, the temperature gradient is aligned perpendicularly
to the resulting electrical potential (Figure 1(c)). The pre-
requisite of the occurrence of this effect is anisotropy of
the electrical transport in the thermoelectric material.
Particularly single crystals (Gallo, Chandrasekhar, and
Sutter 1963) or epitaxially grown layers (Schnellbögl
et al. 1992; Kanno et al. 2014) with native anisotropic
electrical properties are suitable to generate a transversal
thermoelectric potential. The possibility to use artificially
created anisotropic materials for thermoelectric power
generators based on the transverse thermoelectric effect
was elaborated theoretically in detail by Babin et al. in
1974 (Babin et al. 1974). Initial experimental data on
tilted layer stacks of Bi/Bi0.5Sb1.5Te3 were published by
Gudkin et al. in 1978 (Gudkin, Iordanishvili, and Fiskind
1978). It also has to be mentioned that the application of
anisotropic thermoelectric materials has been discussed
recently (Snarskii and Bulat 2006; Reitmaier, Walther,
and Lengfellner 2010; Goldsmid 2012; Takahashi et al.
2013, Zhou et al. 2013).

For the further discussion, the combination of a
thermoelectric oxide and a metal will be supposed.
The oxide-metal layer stack is tilted at the angle ’

with respect to the applied temperature gradient.
Starting with a set of material transport coefficients
Sox; λox; ρox and Smet; λmet; ρmet for the individual oxide
and metal layers at a thickness ratio of rt ¼ tmet=tox the
calculation of two sets of transport properties parallel
and perpendicular to the layer stack results in (Babin
et al. 1974):

S? ¼ λmetSox þ rtλoxSmet

rtλox þ λmet
Sk ¼ ρmetSox þ rtρoxSmet

rtρox þ ρmet

½5a; b�

λ? ¼ λoxλmet 1þ rtð Þ
rtλox þ λmet

λk ¼ λox þ rtλmet

1þ rt
1þ Zlong�T
� �

½6a; b�

ρ? ¼ ρox þ rtρmet

1þ rt
ρk ¼

ρoxρmet 1þ rtð Þ
rtρox þ ρmet

½7a; b�

with the not maximized figure of merit Zlong�T of the long-
itudinal thermocouple consisting of the same materials:

Zlong�T ¼ rt Sox � Smetð Þ2�T
λox þ rtλmetð Þ rtρox þ ρmetð Þ ½8�

The parameters of interest are the Seebeck coefficient Sxy
with the temperature gradient applied parallel to the
y-axis and a potential drop parallel to the x-axis
(Figure 2), the thermal conductivity parallel to the y-axis
λyy and the electrical resistivity parallel to the x-axis ρxx:

Sxy ¼ S? � Sk
� �

cos’ sin’ ½9�

λyy ¼ λ? sin 2’þ λk cos 2’ ½10�

ρxx ¼ ρ? cos 2’þ ρk sin
2’ ½11�

The resulting figure of merit of the transversal thermo-
electric effect Ztr�T can be written as

Ztr�T ¼ S2xy
λyyρxx

�T ½12�

Using the conditions

λox � λmet and ρox � ρmet ½13�
Babin et al. (1974) derived a simplified expression for the
maximum figure of merit Zmax

tr obtained for the tilt angle

Figure 2: Illustration for the definition of the coordinate system for
the theoretical description of the transversal thermocouple consist-
ing of alternating stacked materials.
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’max. Condition [13] is easily satisfied for the considered
material combination of thermoelectric oxide and metal.
For this material combination Zmax

tr and ’max can be
expressed as follows:

Zmax
tr

�T ¼ Sox � Smetð Þ2ffiffiffiffiffiffiffi
Lox

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lmet 1þ Zlong�T

� �q� �2 ½14�

tan’max ¼
ffiffiffiffi
rt

p
rt þ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λmetρox
ρmetλox

1þ Zlong�T
� �4

s
½15�

Equation [14] reveals that the figure of merit Zmax
tr of the

transversal thermocouple is always smaller than the fig-
ure of merit Zmax

long (eq. [1]) of a longitudinal thermocouple
consisting of the same material pair. However, as already
discussed by Goldsmid (2012), in the case of a small
figure of merit this reduction is not significant.
Furthermore, the Lorenz number of the metal Lmet for
the unileg device is typically one order of magnitude
smaller compared to Lox of thermoelectric oxides, thus
additionally reducing the influence of the denominator of
eq. [14] on Zmax

tr .
The estimated thickness ratio rmax

t for the maximum
figure of merit is (Babin et al. 1974):

rmax
t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lmet=Lox

1þ Lmet=Lox

s
½17�

If the internal resistance of the transversal thermocouple
is equal to the external load then the electrical power per
unit area can be expressed as

wtr ¼
S2xyΔT

2

4hρxx
½18�

with h for the height of the thermocouple parallel to the
temperature gradient.

In order to discuss the performance potential of the
different device types, previously published data on full
oxide dual leg devices are used. The transport properties
of the corresponding thermoelectric oxides were estimated
in the low (300–400 K) and medium temperature (800 K)
range. For some devices no thermal conductivity data of
the materials used was given in the original reports of the
devices. In these cases the thermal conductivity was esti-
mated based on additional literature describing similar
materials. The metal transport properties were estimated
assuming the application of a commercial Ag paste typi-
cally used in ceramic multilayer technology (Heraeus
2014). The room temperature resistivity ρmet is 4.2 · 10−8

Ωm. The Lorenz number was estimated based on resistivity
(Matula 1979) and thermal conductivity (Ho, Powell, and

Liley 1972) data of pure Ag as Lmet 2.4 10−8 V2K−2. The
calculation of the temperature dependence of ρmet and λmet

was made applying the Wiedemann–Franz law. The
Seebeck coefficient vs temperature of Ag was taken from
Cusack and Kendall (1958).

Combining all transport data it is possible to calcu-
late the figures of merit of the individual materials
Zp; Zn
� �

, of the dual leg device Zmax
dual

� �
as well as of the

corresponding unileg Zmax
uni

� �
according to eq. [1] for the

longitudinal thermoelectric effect. The figure of merit
Zmax
tr of a transversal device is calculated from the com-

bination of a metal and an oxide. Table 1 summarizes
published experimental data of dual leg thermocouples
at different temperatures and calculated Zp and Zn as well
as the ratio Zmax

dual=Z
max
uni . The calculation of Zmax

uni was made
for the combination of the metal with the oxide exhibit-
ing the higher figure of merit of the p/n material pair. The
overview of the data shows that for a number of oxide
dual leg devices published so far the corresponding uni-
leg device using only the better performing oxide
together with a metal would result in a higher figure of
merit than the oxide-oxide couple. Only a small number
of dual leg devices exhibit a remarkable advantage over
the unileg device showing Zmax

dual=Z
max
uni > 1.5. The ratio of

the maximized electrical power wmax
dual=w

max
uni behaves in a

similar way. This result is a consequence of the typically
rather weak coincidence of the transport properties of the
oxide pairs used together. Therefore the key parameter
for the result of the ratio Zmax

dual=Z
max
uni is not the figure of

merit of a single material but only the coincidence of the
individual transport properties of the two materials. It
also might be difficult in future to improve the match of
the thermoelectric properties considering technological
requirements at the same time. In such a situation the
unileg design using the better performing oxide together
with a metal might be the better technological choice.

In a next step the ratio Zmax
dual=Z

max
tr is calculated from

the data available. This ratio is not separately listed in
Table 1 because the result is practically the same as in
case of Zmax

dual=Z
max
uni , the difference found between these

ratios being negligibly small. Hence, the expected figure
of merit of unileg and a corresponding transversal ther-
moelectric device prepared from a thermoelectric oxide
and Ag is almost the same. This follows from the large
difference of the Lorenz number of Ag in comparison to
the oxides and the small value Zlong � Zmax

long at a layer
thickness ratio rt optimized for the transversal device
according to eq. [17]. The conclusion of the discussion
should be summarized as follows: If a typical thermo-
electric oxide with a high figure of merit is available and
the given partner material does not show matching

28 C. Dreßler et al.: Transversal Oxide-Metal Thermoelectric Device
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transport properties then the corresponding unileg device
will give the higher figure of merit. Furthermore, if the
unileg is the better choice, then the corresponding trans-
versal device will have almost the same figure of merit
and could be chosen as well.

With special emphasis on multilayer technologies the
transversal device has the advantage of the application of
metal and thermoelectric oxide layers only. No additional
oxide layers are required in this case. Only two materials
need to be implemented and the electrical contact beha-
vior can be optimized for one oxide metal combination.
Furthermore, the complete device volume can be used for
the active material. No additional space is needed for
insulators or air gaps which may increase the electrical
power per unit area. The decoupling of thermal and
electrical current flows gives additional degrees of free-
dom for the extraction of the electrical energy keeping a
maximum temperature difference.

Experimental Analysis

In order to evaluate the concept of a thermoelectric trans-
versal generator based on the oxide – metal combination a
test vehicle was prepared with usual laboratory equipment.
La1.97Sr0.03CuO4 (LSCO) was chosen as thermoelectric oxide
because of good thermoelectric properties in the low tem-
perature range (P. Tomeš et al. 2010; Nakamura and
Uchida 1993). In addition, the usability in a ceramic multi-
layer process has already been demonstrated (Hayashi et
al. 2010). LSCO polycrystalline samples were prepared
using a common solid-state reaction method. The reactants
La2O3, CuO and SrCO3 were mixed in the stoichiometric
ratio and calcinated in air at 1073 K for 6 h. Then the
powder was milled, pressed into disc-shape samples apply-
ing a pressure of 3 MPa followed by a sintering process at
1273 K for 2 h under air. The Seebeck-coefficient S and
electrical resistivity ρ were measured in a LSR-3 Seebeck
system (Linseis, Germany). The thermal conductivity λ was
calculated from the measured thermal diffusivity α (LFA-
1000, Linseis, Germany), the heat capacity cp (DSC PT1600,
Linseis, Germany) and the material density.

A transverse thermoelectric device (TTD) was
assembled simply by stacking 19 calcinated discs of
LSCO with a thickness of 1.5 mm each using an inter-
mediate commercial silver paste (Heraeus 2014). The
layer stack tilt angle was ’ ¼ 45°. Afterwards the layer
stack was dried for 24 h at room temperature and
annealed at 850°C for 15 min. Finally, the stack was
ground and polished to obtain a rectangular shaped

TTD with the dimension length � width � height of
36.5 � 8.2 � 4.8 mm3 (Figure 3). The silver paste was
applied manually leading to a certain scattering of the Ag
thickness. An average final thickness of the Ag layer of 45
µm was estimated based on the SEM analysis in different
positions.

The TTD characterization was carried out in a self-
made measurement setup. The TTD was placed between
two ceramic blocks with thermal grease. The upper block
was heated and the lower ceramic block was only passively
cooled by air. This setup does not allow the separate con-
trol of the average temperature and the temperature differ-
ence. The temperature gradient was directly measured on
the upper and lower surface of the sample with two NiCr-
Ni-thermocouples (Type-K). Electrical contacting was car-
ried out by a usual four-point probe arrangement with two
contacts on each side of the TTD. A four quadrant source-
measure unit (Keithley 2400) was used to simulate a tun-
able load resistance for the TTD. Linear current–voltage
(I–V) curves could be obtained indicating ohmic contact
behavior of the device. Each I-V curve gives open source
voltage Voc and short circuit current Isc for the actual
average temperature �T and the temperature difference ΔT.
Using the measured data together with the device dimen-
sions it is possible to derive further parameters such as the
resistance of the TTD RTTD, the Seebeck coefficient Sxy or
the transversal resistivity ρxx.

For comparison, stationary 2-dim FEM simulations of
the TTD were performed with the software COMSOL
Multiphysics 4.4 including the thermoelectric node. Mesh-
dependent solution convergence was tested giving good
results even for coarse meshes. Materials data measured
versus temperature were used to derive analytical functions

Figure 3: Transversal thermoelectric device prepared with
La1.97Sr0.03CuO4 and silver.
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by regression analysis for LSCO parameters SLSCO Tð Þ,
ρLSCO Tð Þ and λLSCO Tð Þ. These functions are used for the
simulation shown in Figure 4. The corresponding data of
Ag were determined as described in chapter 2.
Furthermore, measured temperatures as well as geometri-
cal parameters of the prepared TTD were used as further
input parameters for the simulation. An exemplary simula-
tion outcome for a measured ΔT ¼ 37.4 K and matched
load condition (RTTD ¼ RLoad, maximum power) is given in
Figure 4. The temperature distribution is displayed as color
map in Figure 4(a). The electrical potential as well as the
electrical current density is shown in (4b) and (4c). Here,
the left side of the TTD is set to zero potential. The electrical
circuit is closed on the right side of the TTD via the
resistance RLoad. The contacts are set to equipotential
lines accordingly. The electrical potential maps are overlaid
by current streamlines Figure 4(b) includes the complete

electrical current. In Figure 4(c) the parasitic Eddy currents
inside of the device are excluded, thus showing only the
fraction of useful electrical current.

Results and Discussion

Transport properties of the LSCO obtained in the tem-
perature range between 300 K and 980 K are shown in
Figure 5. The electrical resistivity of LSCO increases with
increasing temperature reaching 0.2 mΩm at 980 K indi-
cating a metal-like behavior. The Seebeck coefficient
decreases from 230 µV/K to 105 µV/K in the correspond-
ing temperature range. Furthermore, the thermal con-
ductivity slowly decreases with temperatures from 3.0
Wm−1K−1 at 300 K to 2.1 Wm−1K−1 at 980 K. These results
are within expectations considering data published on a
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Figure 4: 2D simulation results for matched load (RTTD ¼ RLoad) and ΔT ¼ 37.4 K. (a) temperature distribution, (b) voltage distribution (color
map) and current streamlines, (c) like (b) but with streamlines of useful current only.
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thermoelectric oxide of similar composition
La1.97Sr0.03CuO4 (Tomeš et al. 2010).

The measurements of the TTD were made in the tem-
perature range from 300 K up to 550 K. The temperature
difference ΔT obtained without special measures for cool-
ing of the low temperature side of the TTD rose from 0 K to
37.4 K in this temperature interval. It is clearly evident that
measurement conditions with an active cooling of the cold
side would lead to larger temperature gradients. However,
for this discussion, the characterization conditions used
allow the evaluation of the measured and calculated
device properties in a sufficient way.

A comprehensive overview of the measured
and simulated data of the fabricated TTD is given in
Figure 6. In all graphs three data sets are plotted: “the-
ory” indicates the analytically calculated results based on
equations from chapter (2) and the raw material data;
“simulation” provides results of the FEM calculation,
thus representing also calculated data. The measured
device data are indicated by “experimental”. The mea-
sured open circuit voltage Uoc does not show the typical
linear scaling with increasing temperature due to the
change of the average temperature of the TTD and the
reduction of the Seebeck coefficient of LSCO at higher
temperatures. For the open circuit voltage Uoc as well as
the short circuit current Isc the simulated data match the
experimental data fairly well. The analytically calculated
values show a larger deviation compared to the measured

data. The reason is related to the limited size of the TTD.
The theoretical description by Babin et al. (1974) is an
effective medium calculation neglecting border effects
which are potentially essential for devices of limited
size. The simulation on the other hand includes two
crucial size effects: (i) electrical equipotential sides of
the TTD (Snarskii, Pal’ti, and Ascheulov 1997) and (ii) a
coarsening effect due to the individual layer thicknesses
that are not negligible in comparison to the device
dimensions (Gudkin and Fiskind 1978). The second effect
had also been previously evaluated numerically by
Kanno et al. (2009, 2012). Using height hTTD and length
lTTD of the TTD, the numerical simulation will converge
for lTTD=hTTD ! 1 and hTTD= tox þ tmetð Þ ! 1 towards the
effective medium calculation. However, the measured
resistance of the TTD is about 20% lower than theoreti-
cally expected. This might be caused by the inhomoge-
neous thicknesses of the hand-made Ag layers in the
device stack. The measured output power increases stea-
dily to 1 mW at ΔT ¼ 37.4 K. The simulation overesti-
mates the power by a factor 1.2, the analytical
expressions deviate by a factor of about 1.7. Figure 7
displays the figure of merit with calculated, simulated
and measured data. The thermal conductivity λyy was
calculated from the measured material properties. It is
evident that as well here the FEM simulation closely
reflects the measured data. The ratio of about 1.2 between
the simulated and measured data is almost constant in

Figure 6: Electrical characteristics vs temperature difference of the TTD: (a) open circuit voltage Uoc, (b) short-circuit current Isc, (c) electrical
resistance RTTD and (d) electrical power PTTD.
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the investigated temperature range again proving the valid-
ity of the simulated data. However, here too the analytical
expressions overestimate the real data in a significant way.

It should be noted that the test device is not opti-
mized for a number of parameters such as the tilt angle or
the thickness of the individual layers. Furthermore, the
temperature differences realized so far could be increased
significantly by active cooling of the device on the low
temperature side. In order to estimate the output power at
a higher temperature difference the FEM simulation was
performed for the low temperature of 350 K and the
temperature difference 300 K. The optimization of the
tilt angle ’ at the layer thickness ratio used yields an
improvement factor of about 1.4 for the output power.
Under these conditions the simulated power density
becomes 40 mW/cm2. As shown in Figure 6(d) the simu-
lation overestimates the real output power by a factor 1.2
at the temperature difference of 37.4 K. However, even
with a further significant increase in the deviation
between simulation and experiment it can be expected
that oxide-metal TTD will reach a power density which is
comparable to data obtained for common dual leg
devices, cf. the data summary given in Lim et al. (2012).

Summary and Conclusion

We have discussed device concepts of energy harvesters as
dual leg, unileg and transversal thermoelectric devices based
on an analytical approach for the figure of merit and on data

published on oxide thermocouples. It has been shown that
the mismatch of the oxide material properties reduces the
figure ofmerit of the dual leg devices inmany cases.Here, the
unileg design including only one oxide and a metal may
improve the expected performance. Furthermore, the unileg
designwas comparedwith a transversal setup resulting in an
almost identical figure of merit for both types of devices. As a
consequence it could be stated that the transversal thermo-
electric device is always a simplified alternative if no pair of
oxideswithmatching properties is available. Considering the
potential application of a large-scalemultilayer ceramic tech-
nology, it can further be concluded that the transversal
device provides certain advantages compared to unileg
devices. An oxide-metal transversal laboratory test device
was built and characterized in detail to evaluate the potential
of the oxide based transversal thermoelectric energy har-
vester. The results obtained allow the conclusion that trans-
versal devicesmay deliver an electrical power density similar
to recently published oxide dual leg devices. The generated
power in particular will be sufficient to drive sensor or radio
applications in the low power range. At the same time trans-
versal devices should have significant advantages consider-
ing the conditions required for a large-scale production.
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Figure 7: Dimensionless figure of merit of the transversal thermoelectric device vs temperature.
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