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Things devices,[9] and body-powered wear-
able electronics.[10,11] Consequently, there 
is a demand for the characterization of TE 
materials with small geometrical dimen-
sion, like nano- and micro-scaled thin or 
thick films.[12–14] Compared with nano-
scaled TE films, micro-scaled TE films are 
more desirable for µTEDs due to the low 
electrical resistance and high attainable 
densities of heat flux and cooling power.[8] 
The increasing interest in micro-scaled TE 
materials motivated the development of 
different characterization techniques dedi-
cated to determine the figure of merit zT, 
defined by the Seebeck coefficient α, elec-
trical conductivity σ, thermal conductivity 
λ, and absolute temperature T.

α σ
λ

=
2

zT T  (1)

One of the challenges when seeking 
for highly efficient TE materials with nano- and micro scaled 
geometry is the difficulty to exactly assess their zT values. This 
is in particular valid for thick films grown by the electrochem-
ical deposition technique, which is often used in the fabrication 
of µTEDs. In this latter case, TE materials are deposited onto 
an electrically conductive seed layer which causes a short circuit 
to the in-plane electrical field. This makes the unambiguous 
determination of the transport coefficients hard to achieve.

Successful optimization of the thermoelectric (TE) performance of materials, 
described by the figure of merit zT, is a key enabler for its application in 
energy harvesting or Peltier cooling devices. While the zT value of bulk 
materials is accessible by a variety of commercial measurement setups, 
precise determination of the zT value for thin and thick films remains a great 
challenge. This is particularly relevant for films synthesized by electrochem-
ical deposition, where the TE material is deposited onto an electrically con-
ductive seed layer causing an in-plane short circuit. Therefore, a platform for 
full in-plane zT characterization of electrochemically deposited TE materials 
is developed, eliminating the impact of the electrically conducting seed layer. 
The characterization is done using a suspended TE material within a trans-
port device which was prepared by photolithography in combination with 
chemical etching steps. An analytical model to determine the thermal conduc-
tivity is developed and the results verified using finite element simulations. 
Taken together, the full in-plane zT characterization provides an inevitable 
milestone for material optimization under realistic conditions in TE devices.
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1. Introduction

Thermoelectricity describes a direct transformation between 
heat fluxes and electricity or vice versa. TE devices can be oper-
ated either as TE generator or as Peltier cooler.[1–3] Among them, 
micro-TE devices (µTEDs) received considerable attraction 
because of many prospective applications such as thermal man-
agement,[4–6] cooling of power electronics,[7,8] the Internet of 
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There are different methods to determine the zT value of nano- 
and micro-scaled films experimentally. One common approach is 
to measure the single transport coefficients in separate setups, 
often done using different samples.[15,16] Only few approaches 
are able to characterize the zT value simultaneously on the same 
sample.[13,17,18] For instance, the Harman method has been used 
to characterize cross-plane zT values of thin film superlattice 
structures.[14,19,20] Another full in-plane zT characterization of 
nano-scaled TE films based on a pre-structured measurement 
device was presented by Linseis et al.[18,21] Nevertheless, since 
the film has to be deposited on the pre-structured measurement 
device, combining structures for van der Pauw and Joule heating 
methods, it is not possible to remove the seed layer required for 
electrochemical deposition. Therefore, the device cannot be used 
for the characterization of electrochemical deposited films.

In this study, we demonstrate a transport device for the com-
plete steady state characterization of TE thick films grown by 
electrochemical deposition. Our transport device enables the 
simultaneous characterization of the in-plane α, σ, and λ of the 
TE thick film, avoiding the falsification of the data by the influ-
ence of the substrate and the conductive seed layer. We suc-
cessfully designed a transport device to characterize the electro-
chemical deposited cobalt nickel alloy with the composition of 
75 % of Co and 25 % of Ni. This composition has a high TE 
power factor (PF > 4 mW m−1 K−2) as well as an excellent repro-
ducibility of the electrochemical deposition, well-established by 
a variety of different available deposition parameters, also in 
the pre-structured transport device.[22–24]

2. Results and Discussion

2.1. Conceptual Approach

The characterization was performed using a transport device 
which in its turn acts as a substrate for the electrochemically 
deposited TE material. In Figure 1, a top view of the transport 
device layout with a detailed view of its center region is shown. 
A Si3N4 membrane was structured in the center of the device 
on which an electrically conductive seed layer, the heating 
stripe, four electrodes, and the TE material were patterned. The 
heating stripe was placed in the center of the structure, partly 
passivated by a SiO2 layer. Four electrodes placed symmetri-
cally on both sides of the heating stripe served as resistance 

temperature detectors (RTDs). To finalize the transport device, 
the seed layer was removed by wet chemical etching after TE 
deposition to eliminate its impact on the characterization. This 
configuration allowed a full in-plane zT characterization of an 
electrodeposited TE material.

2.2. Fabrication of the Transport Device

The transport device was fabricated by a process comprising 
photolithographic structuring, sputter deposition, reactive ion 
etching (RIE), atomic layer deposition (ALD), anisotropic KOH 
etching of silicon, as well as wet cleaning and etching process 
of Au and Cr (see Figure 2a–i and Supporting Information for 
details of the process flow). As substrate, a Si wafer (gray) of 
300 µm thickness with a 100 nm Si3N4 layer (blue) on both 
sides was used. In the first step, a rectangular window of 520 
× 460 µm2 was structured on the backside of the substrate by 
photolithography and RIE of the Si3N4 layer (see Figure 2a,b). 
The uncovered Si was anisotropically etched using an aqueous 
KOH solution, until the front Si3N4 layer was reached (see 
Figure 2c). The result of this etching was a free standing Si3N4 
membrane of 100 × 40 µm2 within a defined cavity, that served 
as a substrate for the deposition of the TE thick film.

In the next step, a conductive seed layer for electrochemical 
deposition of the TE material was patterned on the front side of 
the free-standing Si3N4 membrane by photolithographic struc-
turing and sputtering of 10 nm Cr and 150 nm Au as adhe-
sion and seed layer, respectively (see Figure 2d). Hereafter, the 
heating stripe, four RTDs, and the contact pads were patterned 
by a 10 nm Ti and a 400 nm Pt as adhesion and contact layer 
in a lift-off process (see Figure 2e). Subsequently, a 50 nm SiO2 
passivation layer was deposited by ALD. This passivation layer 
served as electrical insulation between the heating stripe and 
the TE material. For later electrical contacting and electrochem-
ical deposition, the SiO2 layer was removed from the RTDs, the 
seed layer, and the contact pads using photolithographic pat-
terning in combination with RIE (see Figure 2f). Afterward, 
we electrochemically deposited 6 µm Co75Ni25 under pulsed 
potentiostatic conditions in a three-electrode configuration on 
the pre-structured substrate (Figure 2g). A detailed descrip-
tion of the electrochemical deposition is given in Section 4 
Electrochemical Deposition.

Figure 2h,i shows schematically the finalization of the 
transport device. First, the Si3N4 membrane was etched from 
the backside using RIE followed by wet-chemical etching of 
the Cr adhesion layer and the Au seed layer to obtain sus-
pended TE material. In Figure 3, optical microscope (OM) 
images of the sample before (a) and after (b) backside etching 
are shown. More details of the device can be seen in an OM 
image of its front side (see Figure 3c). As a result of the 
etching process, the free standing heating stripe (red), RTDs 
(light gray), and TE material (dark gray) deposited on the 
top side of the membrane were revealed. The front side of 
the finalized transport device is shown in a scanning elec-
tron microscopic (SEM) image (see Figure 3d), where the 
suspended TE material can be well distinguished. Note that 
color codes are used for easy identification of different mate-
rials and functionalities within the device to enable a direct 
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Figure 1. A top view of the transport device with an inset of its center 
including a heating stripe (red), four electrodes (light gray), the electri-
cally conductive seed layer Au (yellow), and the TE material (dark gray).
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comparison with the schematic pictures. The dimension of 
the heating stripe and accordingly its SiO2 passivation was 
chosen in a way that enables the growth of the TE material 
across the small passivated section building a dell at the 
intersection area (see inset in Figure 3d).

2.3. Electrical Conductivity Characterization Procedure

The electrical conductivity of the sample was determined in a 
common 4-point probe configuration using contacts from the 
RTDs on both sides of the heating stripe. Figure 4a shows sche-
matically the used contact configuration for the measurement of 
the electrical conductivity. A current I4p was applied between the 
contacts RTD1

(4) and RTD1
(2) creating a voltage drop V4p between 

the voltage probes RTD1
(3) and RTD1

(1) (see Figure 4a). The elec-
trical conductivity was calculated from σ = − −

4 4
1 1L R Ap p , with the 

resistance = −
4 4 4

1R V Ip p p, the distance L4p between the voltage 
probes, and the cross-section A of the deposited TE material.

2.4. Seebeck Coefficient Characterization Procedure

For the characterization of the Seebeck coefficient, the heating 
stripe in the center of the membrane and the RTDs were used 
(see Figure 4b). RTD(1) and RTD(3) close to the heating stripe 
were used as hot contacts, while RTD(2) and RTD(4) located near 
the edge of the surrounding Si were used as cold contacts. By 

Adv. Electron. Mater. 2020, 6, 1901288

Figure 2. Schematic process flow showing the fabrication of the transport device. a) patterning of photoresist (orange) on an Si3N4 (blue)-coated Si 
(gray) substrate, b) removal of Si3N4 by RIE, c) anisotropic etching of Si by KOH etching, d) deposition of Cr/Au adhesion and seed layer (yellow) 
by sputtering, e) patterning of the heating stripe and the RTDs (red), f) protecting the heating stripe by a dielectric layer SiO2 layer (light brown), 
g) electrochemical deposition of TE material (dark gray), h) backside etching of Si3N4, and i) wet chemical etching of Cr/Au adhesion and seed layer.

Figure 3. a) An OM image of backside of the initial transport device before 
backside etching, b) an OM image of backside of the transport device 
after etching the Si3N4 and the Cr/Au adhesion and seed layer, c) an OM 
image top view of the transport device before backside etching, and d) a 
SEM image top view of the transport device after backside etching. The 
inset in the center shows a nice view of the heating stripe with the SiO2 
passivation and the TE material.
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applying an electrical current to the heating stripe, a tempera-
ture gradient was created across the sample from the heating 
stripe to both edges of the surrounding Si which served as heat 
sink. The temperature increase (T − T0) of each RTD was meas-
ured by evaluating its resistance increase R(T) − R(T0) with 
respect to the ambient temperature T0 in a 4-point probe con-
figuration using[17,25]

β− = − = −( ) ( ) ( ) ( )( )0 0 0 0R T R T m T T R T T T  (2)

The temperature coefficient of the resistance β and the slope 
of the resistance-temperature curve m = dR/dT were calibrated 
without an applied heating current, when the characterization 
platform was in a thermal equilibrium. For the characterization 
of α, the thermovoltage Vth as well as the temperature differ-
ence Thot − Tcold between RTD(1) and RTD(2) were measured. α 
can then be evaluated as follows:

α = −
−

th

hot cold

V

T T  (3)

where Vth is the thermoelectric voltage between RTD(1) and 
RTD(2), Thot is the temperature of RTD(1) and Tcold is the tem-
perature of RTD(2), respectively.

2.5. Thermal Conductivity Characterization Procedure

Figure 4c shows a schematic top view of the contact configura-
tion for the measurement of λ. When a current is applied to the 
heating stripe, the heating power P is dissipated in the heating 
stripe causing a temperature gradient along the sample. Due to 
the symmetry of the transport device, we considered P/2 for each 
side of the heating stripe. The thermal conductance Gth of one side 
of the device can then be evaluated using the following equation:

=
∆

/2
thG

P

T
 (4)

where ΔT = T1 − T0 is the temperature difference, T1 is the 
temperature at the heating stripe position x = 0, and T0 is the 
temperature of the Si substrate (heat sink) which corresponds 
to ambient temperature. P = I2R was determined from the 

electrical resistance R of the heating stripe underneath the 
sample and the applied electrical current I.

In order to obtain ΔT along the sample in x-direction (per-
pendicular to the heating stripe) we used three approaches, 
namely analytical, simulation, and experimental. The analytical 
approach is based on the 1D steady-state heat balance equation. 
By solving the 1D heat balance equation considering radiation 
loss and thermal conduction with the specific boundary condi-
tions, ΔT along the TE material in x-direction is given by

µ
µ

∆ = −
−

( ) ( )
sinh( ( ))

sinh( )
1 0T x T T

L x

L
 (5)

where µ depends on the geometry, emissivity, and thermal 
conductivity of the TE material (see Section 4, Analytical 
Approach). In addition to the 1D analytical approach, we per-
formed a 3D finite element method simulation using Comsol 
Multiphysics with the heat transfer and AC/DC modules and 
specific boundary conditions dedicated to the experimental 
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Figure 4. a) A schematic view of the σ measurement setup, b) a schematic view of the α measurement setup, and c) a schematic view of the λ meas-
urement setup.

Figure 5. The temperature distribution depending on the position x 
starting at the position of heating stripe (x = 0) up to the heat sink at 
the position (x = L) for analytical (green), simulation (orange), and expri-
mental (blue) model. The dashed red line shows the fitted line to experi-
mental data. The inset shows deviation of the analytical results calculated 
for an emissivity of 0 and 0.8.
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setup (see Section 4, Simulation). The temperature distribu-
tion depending on the position x (ranging from the center of 
the heating stripe at x = 0 to the heat sink at x = L) is shown 
in Figure 5. For the analytical result (green line) and the simu-
lation (blue lines), an emissivity of 0.8 was used to study the 
influence of the radiation loss assuming a worst-case scenario 
(typical emissivity of Co75Ni25 is <0.2). Interestingly, the analyti-
cally calculated ΔT as well as the simulation results show a linear 
behavior, that is, the influence of the radiation loss is negligible 
and the 1D approach is in good agreement with the 3D simula-
tion. The inset of Figure 5 shows the deviation of the analytical 
results calculated for an emissivity of 0 and 0.8 confirming the 
negligible contribution of the radiation loss. Further, parasitic 
heat loss through the heating stripe and RTDs was investigated 
in terms of the thermal conductance of the TE material. For the 
Co0.75Ni0.25 film, these parasitic effects can be neglected. In gen-
eral, the product of λd of the material should be larger than 1.8 
× 10−4 W K−1 to not exceed a measurement error of 10 % due to 
parasitic heat loss (see Supporting Information for details).

The simulated temperature distribution at the bottom of 
the sample shows a small deviation from the linear behavior at 
x = 0. This is caused by the heat flow in z-direction which was not 
considered in the 1D analytical approach. This only affects the 
direct environment of the heating stripe; a few micrometers away 
from the heating stripe, the temperature along the cross-section 
is homogenized, that is, does not depend on the z-direction (see 
Figure 5 simulation at bottom and top surface of the sample).

Since the temperature of the heating stripe is slightly higher 
than the average temperature of the cross-section at x = 0, we 
determined the temperature increase at x = 0 by a linear regres-
sion. Therefore, we did a linear fit to the experimental data 
shown in Figure 5. There are three experimental data points 
corresponding to three x positions: the measured temperature 
of RTD(1) and RTD(2) as well as the ambient temperature T0. The 
temperature of each RTD was calculated by evaluating its resist-
ance increase as described in the previous section. The linear fit 
is consistent with experimental data as well as the hyperbolas of 
the analytical and simulation results. Therefore, the y-intercept 
extrapolated from this linear fit is a valid assumption for the 
mean temperature T1 of the sample cross-section at x = 0.

To calculate the thermal conductivity of the TE material, 
in addition to ΔT, the heating power P has to be considered. 
Due to the small dimension of the heating stripe compared to 
that of the TE material, the heat losses of the heating stripe by 
both radiation and thermal conduction can be neglected. The 
radiation loss of the TE material is negligible as shown before. 
Therefore, the thermal conductivity can be obtained by (see 
Section 4, Analytical Approach)

λ =
−2 ( )1 0

PL

A T T  (6)

where A denotes the cross-section of the TE material.

2.6. Experimental Validation and Discussion

In this section, we summarize our experimental validation (see 
Section 4 for details of the experiments). Figure 6 shows the 

temperature-dependent TE properties of the thick film meas-
ured with our transport device and an arc-molten bulk Co75Ni25 
reference sample, measured with commercial measurement 
technique, that is, thermal transport option (TTO) in a Dynacool 
physical properties measurement system and a laser flash ana-
lyser (LFA) from Linseis. Note that the error bars shown in 
the figures are results of the uncertainties calculated from the 
standard deviation of the measured properties and its error prop-
agation in the used equations. The room temperature σ is 8.27 × 
106 S m−1 and 8.56 × 106 S m−1 for thick film and bulk sample, 
respectively. The σ of the thick film measured with our transport 
device is in good agreement with that of the bulk sample except 
for the small deviations at lower temperatures (see Figure 6a).

Figure 6b shows the temperature-dependent α for Co75Ni25. 
Both thick film and bulk sample possess a negative α which 
indicates n-type conduction. The electrochemically deposited 
Co75Ni25 thick film has a slightly lower relative α than that of 
the arc-molten bulk sample.

The temperature-dependent λ of the Co75Ni25 thick film is 
shown in Figure 6c. The λ of the arc-molten bulk sample shows 
a higher value than that of the thick film in the measured tem-
perature range. There are a variety of factors such as grain 
size, porosity and impurities which affect transport properties 
of matter. Compared to the bulk sample, the electrochemically 
deposited Co75Ni25 thick film has a stronger disorder within the 
grains and at the grain boundaries. Consequently, scattering 
at defects and grain boundaries becomes more dominant and 
reduces the mean free path of electrons and phonons. In gen-
eral, λ consists of contributions of electrons λe and phonons λl. 
While in a pure metal λ is mostly dominated by λe contribu-
tion and λl is negligible in metallic alloys, electrons are strongly 
scattered by solute atoms which reduces the ability of electrons 
to carry heat and current.[26]

If the Wiedemann–Franz law holds, the electronic contribu-
tion is given by the relation λe = L0Tσ where L0 is the Lorenz 
number. If we assume the experimental λ as λe, the calculated 
Lorenz number from the Wiedemann–Franz law at room tem-
perature is 2.14 × 10−8 W Ω K−2, which is close to that of bulk 
Ni 2.19 × 10−8 W Ω K−2 and Co 1.98 × 10−8 W Ω K−2.[26]

The electrochemically deposited Co75Ni25 thick film has 
a PF of 4.8 mW m−1 K−2 close to the measured bulk value of 
5.6 mW m−1 K−2, but due to its relative high λ the zT value 
remains quit low. At room temperature the thick film has a zT 
value of 0.028 comparable to its measured bulk value of 0.024. 
The temperature-dependent PF and zT value of the thick film is 
shown in Figure 6d.

3. Conclusion

We developed a transport device based on a pre-structured 
microchip for full in-plane zT characterization of TE thick films 
prepared by electrochemical deposition. This transport device 
enables a simultaneous characterization of σ, α and λ of a sus-
pended TE thick film eliminating the influence of the substrate 
and seed layer.

For the thermal conductivity measurement, we developed a 
1D analytical model to evaluate the measurement data which 
we verified by 3D finite element simulations. Further, we 

Adv. Electron. Mater. 2020, 6, 1901288
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determined the accuracy of the results taking into account the 
standard deviation of the measured properties and its error 
propagation in the used equations.

In addition, we characterized successfully temperature-
dependent properties of Co75Ni25 thick film within the trans-
port device and compared them with those obtained for an arc-
molten bulk sample. The thick film measurements were overall 
in a good agreement with the bulk measurement confirming 
the validity of our transport device. The observed deviations in 
the transport behavior of the two samples could be attributed to 
the differing microstructure.

In general, with our transport device it is possible to charac-
terize samples in a wide temperature range from liquid He up 
to several hundred degrees Celsius. Our device also opens the 
possibility to perform magnetic field dependent measurements, 
which is especially interesting for magneto caloric and magneto 
Seebeck measurements that are usually not easily accessible. 
The device structure is scalable and therefore adaptable to other 
physical and chemical vapor deposition techniques.

4. Experimental Section
Material Synthesis: The thick film and bulk Co75Ni25 samples were 

prepared by electrochemical deposition and arc melting, respectively.
Electrochemical Deposition: The Co75Ni25 thick film was deposited 

directly on the pre-structured transport device using a Watts-type 
bath containing Co and Ni ions.[22] To enable a smooth and adherent 
electrochemical deposition, the transport device was cleaned for 2 min in 
an O2 plasma using RIE (Sentech SI220) with an O2 gas flow of 25 sccm at 
a power of 50 W before the deposition. The used Watts-type bath consisted 
of 0.18 mol L−1 CoSO4 (99 %), 0.02 mol L−1 CoCl2 (Fluka Chemika, 98 %), 
0.95 mol L−1 NiSO4 (98 %), 0.16 mol L−1 NiCl2 (98 %), 0.73 mol L−1 
H3BO3 (99.8 %), and 0.5 mol L−1 NaOH to adjust the pH-value to 4−4.2 as 
described in Vega et al.[22] The electrochemical deposition was performed 
under pulsed potentiostatic conditions in a three-electrode configuration 
with a Pt counter electrode and Ag/AgCl reference electrode at room 
temperature using a BioLogic VSP modular five channels potentiostat. For 
the pulsed electrochemical deposition of Co75Ni25, a deposition potential 
of Eon = −1 V was applied for ton = 0.25 s, followed by a relaxing time of 
toff = 2  s at an off potential of Eoff = 0 V. This parameters resulted in a 
Co75Ni25 thick film with a thickness of 6 µm after 24 min (640 pulses), 
which was measured with a profilometer (Bruker Dektak).

Adv. Electron. Mater. 2020, 6, 1901288

Figure 6. a) Measured σ of the Co75Ni25 thick film using our characterization platform in comparison to the bulk sample, b) measured α of the thick 
film in comparison to the bulk sample, c) measured λ of the thick film in comparison to the bulk sample measured with TTO in a Dynacool physical 
property measurement system as well as the LFA, and d) calculated zT and PF of thick film within the temperature range of 200–400 K.
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Arc Melting: As a reference sample, a Co75Ni25 ingot was prepared by 
vacuum arc melting of Co (99.9 %) and Ni (99.7 %) granules. Before 
the melting under Ar atmosphere, the chamber was evacuated followed 
by purging with high purity Ar three times. During the melting process, 
the ingot was placed on a water-cooled Cu plate. The ingot was molten 
five times while flipping the sample after each melting step to ensure 
the same solidified condition of the ingot and make the microstructure 
uniformed. After arc-melting, the sample was sealed under vacuum 
(10−4 mbar) in a fused silica tube and annealed at 1180 °C for 24 h. After 
annealing, the sample was quenched in a water bath.

Analytical Approach: The heat balance equation describes the heat 
flow given by heat conduction QC

.
, radiation QR

.
, and convection. In 

our case, convection can be neglected, since the characterization was 
carried out under vacuum (<10−5 mbar). To calculate ΔT in steady state, 
we considered the stationary heat balance equation Q QR C− = 0

. .
. The 

radiation loss QR

.
 of our sample is given by

Q T x T b d dxR Bσ ε= − +( ( ) )[(2 2 ) ]
.

4
0
4  (7)

where σB is the Stefan–Boltzmann constant, ε is the emissivity, d is the 
thickness, and b is the width of the TE material. For small temperature 
changes where T x T T − −( ( ) ) 10 0

1 , we can use the approximation

T x T T T x− ≈ ∆( ) 4 ( )4
0
4

0
3  (8)

and by substituting Equation (8) in Equation (7) we obtain

Q T T x b d dxR Bσ ε= ∆ +4 ( )[(2 2 ) ]
.

0
3  (9)

The heat conduction by thermal conductivity λ in our sample is 
given by

Q d b
d T x

dx
dxC λ= − ∆

( )
( ). 2

2  (10)

The 1D steady state heat balance equation can then be written as

d T x
dx

T xµ∆ − ∆ =( )
( ) 0

2

2  (11)

with

T b d
d b

Bµ σ ε
λ= +4 [(2 2 ) ]

( )
0
3

 (12)

ΔT in x direction can be obtained by taking into account the boundary 
conditions of our system. The origin of the x-y coordinate system is 
set to the center of the membrane (see Figure 4c), the first boundary 
condition is defined on the heat sink, ΔT(x = L) = 0. The second boundary 
condition is defined in middle of the heating stripe, ΔT(x = 0) = T1 − T0. 
By solving Equation (11) with the given boundary conditions, ΔT along 
the TE material in x direction can be obtained as

T x T T
sinh L x

sinh L

µ
µ

∆ = −
−

( ) ( )
( ( ))

( )
1 0  (13)

To calculate λ of the TE material, in addition to ΔT, the heating power 
P of one side of the symmetric device has to be obtained. Due to the 
small dimension of the heating stripe in comparison to the TE material, 
the heat losses of the heating stripe by both, heat conduction and 
radiation, can be neglected. Therefore, the heating power of the heating 
stripe P0 is given by

P A
d T x

dx x
λ= − ∆

=

( )
0

0

 (14)

where A denotes the cross section (b × d) of our sample. Using ΔT(x) 
from Equation (13) and taking into account that the heating power is 
equally distributed (P = P0/2), we obtain

P A T T coth Lλ µ µ= − ⋅2 ( ) ( )1 0  (15)

If the radiation loss is negligible, Equation (15) can be developed in 
a Taylor series around µ → 0 and the thermal conductivity is given by

PL
A T T

λ = −2 ( )1 0
 (16)

Simulation: To verify the 1D analytical approach used for the 
evaluation of the measurement data, a 3D Comsol Multiphysics 
simulation was used, which provides a finite element modeling and 
simulating of physics-based problems. For a thermoelectric analysis, 
heat transfer and electric current modules are applied, which can be 
coupled by thermoelectric effects to find solutions for Peltier, Seebeck, 
and Thomson effects. The governing equations that the model solves 
are as follows:

T T T V V T Vσα λ σα σ α−∇ + ∇ − ∇ ∇ = ∇ + ∇ ∇(( ) ) ( ) (( ) )2 2  (17)

T Vσα σ∇ ∇ + ∇ ∇ =( ) ( ) 0  (18)

where T and V denotes the temperature and the voltage, respectively. 
The specific boundary conditions dedicated to experimental setup 
are as follows: The temperature of the heat sink fixed at T0 = 300 K 
was defined as the first boundary condition. An electrical current of 
I = 16 mA was applied at the heating stripe, which generated T1 at 
the position of the heating stripe. Table S1, Supporting Information, 
shows the summarized parameters used in the Comsol simulation. 
Figure S1, Supporting Information, shows a 3D plot of the model 
geometry and an overview of the steady state temperature distribution 
along the sample at ambient temperature of T0 = 300 K. To increase 
the resistance of the heating stripe underneath the TE material, its 
cross-section was reduced in the relevant area. At the edges of the 
material, the cross-section of the heating stripe was increased 
building a trapezoid surface. This was done to create the maximum 
heating power underneath the TE material, since the P increases 
with decreasing cross-section. To only measure the electrical power 
converted to heat in the TE material, the voltage probes are placed 
close to the material.

Thermoelectric Characterization: The full zT characterization was 
performed in a Quantum Design Dynacool system in a temperature 
range from 200−400 K. For the arc-molten bulk characterization, 
the Quantum Design TTO in continuous mode was used. For the 
thick film characterization, the transport device was mounted to an 
electrical transport puck and connected to external devices. In order 
to measure the heating power and the current of the RTDs, two DC 
Sourcemeters (Keithley 2400) were used. The thermal voltages and the 
voltages for resistance measurement of the RTDs were measured by a 
Nanovoltmeter Keithley 2182A. The thermal conductivity of arc-molten 
bulk sample characterized with both TTO and LFA.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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